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Abstract

Although oxidants are known to be deleterious for cellular homeostasis by oxidizing macro-
molecules like DNA or proteins, they are also involved in signaling processes essential
for cellular proliferation and survival. Here, we investigated the role of superoxide anion
(O2

−) and hydrogen peroxide (H2O2) homeostasis for the proliferation and survival of
classical Hodgkin’s lymphoma (cHL) cell lines. Inhibition of NADPH oxidases (NOX)
using apocynin (Apo) and diphenylene iodonium (DPI), or treatment with the antioxidant
butylated hydroxyanisole (BHA), significantly reduced proliferation and induced apoptosis
in HL cell lines. These effects correlated with transcriptomic alterations involving redox
regulation, immune signaling, and cell cycle control. Interestingly, treatment with DPI
or antioxidants attenuated constitutive Signal Transducer and Activator of Transcription
(STAT) activity, as seen by decreased phospho-STAT6 levels and reduced STAT6 DNA
binding. This suggests a sensitivity of the Janus kinase (JAK)/STAT pathway in cHL cell
lines to O2

− and H2O2 depletion. Functional assays confirmed this by demonstrating
partial restoration of proliferation or apoptosis in L428 cells that expressed constitutively
active STAT6 or were transfected with small interfering RNAs (siRNAs) that targeted STAT
regulators. These findings highlight that oxidants, particularly H2O2, act as both general
oxidative stressors and essential modulators of oncogenic signaling pathways. Specifically,
maintenance of oxidant homeostasis is critical for sustaining JAK/STAT-mediated growth
and survival programs in cHL cells. Targeting redox homeostasis might offer a promising
therapeutic strategy to impair JAK/STAT-driven proliferation and survival in cHL.

Keywords: classical Hodgkin’s lymphoma; JAK/STAT; PTP1B; NOX; reactive oxygen
species; oxidant; apocynin; diphenylene iodonium; butylated hydroxyanisole

1. Introduction
Classical Hodgkin’s lymphoma (cHL) is one of the most frequent forms of B cell-

derived lymphoma, with an incidence of about three cases per 100,000 persons per year.
Current treatment protocols for cHL involve multiagent chemotherapy and/or radiother-
apy, with a cure rate of about 80%. Relapses are usually treated with high-dose chemother-
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apy, radiation therapy, and autologous stem cell transplantation. However, challenges
remain in a few patients who continue to progress after disease relapses [1,2].

The neoplastic component of cHL is the multinucleated Hodgkin’s Reed Sternberg
(HRS) cell. Secretion of cytokines and chemokines by HRS cells leads to the recruitment
and activation of various cell types into the tumor, including macrophages, dendritic
cells, and lymphoid cells, thus creating an inflammatory environment. This inflammatory
environment promotes the survival of the HRS cells by expressing additional cytokines,
leading to the constitutive activation of various signaling pathways [3,4]. The Janus
kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway is
one of the major pathways essential for cHL and is constitutively activated in HRS cells.
Under physiological conditions, JAK/STAT signaling is induced upon ligand binding of
various cytokine and growth factor receptors, leading to the recruitment and activation
of JAKs via trans-autophosphorylation. Activated JAKs phosphorylate STATs, leading to
their dimerization, nuclear translocation, and induction of STAT target genes [5]. STAT6
plays a central role in TH2-associated immune regulation and the tumor microenvironment,
and its dysregulation is implicated in several lymphoma subtypes including Hodgkin’s
lymphoma, highlighting its relevance in cHL biology [6].

Oxidants, including superoxide anion (O2•−), hydrogen peroxide (H2O2), and the
hydroxyl radical (•OH), were previously known for their microbicidal activity. More
recently, it has been reported that oxidants are involved in the regulation of the cell cycle
progression, apoptosis, and aging, pointing to a fundamental role of oxidants in tumor
biology, which is highlighted by the elevated oxidants levels in almost all cancers [7].
Following the reduction of cellular oxidants levels in EBV-positive Burkitt’s lymphoma cells,
for example, a G2-M phase cell cycle arrest was observed, leading to significant apoptosis [8].
Mechanistically, production of oxidants by NADPH-dependent oxidases (NOX) upon
cytokine receptor engagement has been shown to alter the activity of several signaling
pathways, including JAK/STAT [7–10]. For instance, a decrease in STAT5 phosphorylation
was observed in NOX2-deficient naïve CD4+ T-cells, suggesting the role of NOX-mediated
activation of STAT5 in T-cells [11]. In addition, a decrease in oxidants by the antioxidant
N-acetyl cysteine (NAC) leads to dephosphorylation and thus inactivates STAT5 in human-
activated memory B-cells [12]. Moreover, in acute myeloblastic leukemia (AML), a decrease
in H2O2 production due to the knock-down of the p22phox NOX subunit attenuated STAT5
phosphorylation and the expression of its target Pim-1 [13].

In cHL, the role of oxidants in the survival and proliferation of HRS cells, particularly
in relation to the activity of the JAK/STAT signaling pathway, remains largely unclear.
Here, we demonstrate that cHL cell lines exposed to antioxidants or NOX inhibitors
showed increased apoptosis. This augmented apoptosis was accompanied by diminished
JAK/STAT signaling. Consistently, an ectopic expression of a constitutively active STAT6
variant partially restores the survival of cHL cells. Based on this, we hypothesize that
inhibition of JAK/STAT signaling upon oxidant reduction is responsible for increased
cell death. Taken together, our results shed more light on the importance of oxidants in
regulating crucial survival pathways in HRS cells of cHL and imply that modulation of
oxidant production could be a therapeutic option.

2. Materials and Methods
2.1. Cell Culture and Transfection

The classical Hodgkin’s lymphoma cell lines KM-H2, L1236, L428, SUP-HD1, and
SU-DHL4 were purchased from the Leibniz-Institut-German collection of microorganisms
and cell lines (DSMZ, Braunschweig, Germany). The human lung adenocarcinoma cell line
H1975 as well as the breast adenocarcinoma cell line MDA-MB-436 were obtained from
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the American Type Culture Collection (ATCC, Manassas, VA, USA). The cell lines U-HO1,
LCL POF7, LCL POF14, LCL POF21, DLBCL1, DLBCL2, DLBCL3, Med-B1, and the L428
derivate L428ST6VT, ectopically expressing the constitutively active STAT6VT protein, were
generated in our laboratory (Institute of Pathology, Ulm University, Germany). All cell lines
were grown in suspension in Iscove/RPMI-1640 medium (4:1) supplemented with 10%
fetal calf serum, L-glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 U/mL)
in 5% CO2 in a humidified atmosphere at 37 ◦C (Thermo Fisher Scientific, Walthman,
MA, USA). Transfection of L428 cells was performed using the Amaxa nucleofector kit V
(Lonza, Basel, Switzerland), according to the manufacturer’s protocol. Stable cell lines were
generated by selecting transfected clones with 2 mg/mL G418 sulfate and maintenance in a
medium containing 0.5 mg/mL G418 sulfate. Transfection of L428 cells with siRNA was
performed using the Amaxa nucleofector kit V. For each transfection, 1.5 × 106 cells were
mixed with 15–30 pmol of the appropriate siRNA before transfection.

2.2. Antibodies, Plasmids, and siRNAs

Following antibodies were used: anti-FLAG (F7425, Sigma Aldrich, Darmstadt, Ger-
many), anti-STAT6 (M-200; sc-1698; Santa Cruz Biotechnology, Dallas, TX, USA), anti-
pSTAT6 (Y-641; Cell Signaling Technology, Danvers, MA, USA), anti-β-actin (SP124, Sigma
Aldrich, Darmstadt, Germany), anti-PTP1B (H-135, sc14021, Santa Cruz Biotechnology,
Dallas, TX, USA), anti-TC-PTP (TC45, no. 15095, Cell Signaling Technology, Danvers, MA,
USA), anti-pTyr (P-Tyr-100, Cell Signaling Technology, Danvers, MA, USA), anti-cleaved
Caspase 3 (Asp175; Cell Signaling Technology, Danvers, MA, USA), and anti-ERK2 (C-14;
sc-154; Santa Cruz Biotechnology, Dallas, TX, USA). The expression vector encoding the
constitutive active STAT6VT mutant was a kind gift from Dr. Olga Ritz (Institute of Pathol-
ogy, Ulm University, Germany). siRNAs specific for PTPN1/PTP1B and PTPN2/TC-PTP
were purchased from Ambion (Austin, TX, USA) and Qiagen (Hilden, Germany).

2.3. Preparation of Cell Extracts

Whole cell extracts were prepared using lysis buffer (20 mM Tris pH 8.0, 200 mM
NaCl, 1% Triton X-100, 1 mM Dithiothreitol (DTT), and protease and phosphatase inhibitor
tablets (Roche, Mannheim, Germany). Cytoplasmic and nuclear extracts were prepared
using buffer A (10 mM 4-(2-hydroxythyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.9,
10 mM KCl, 0.1 mM Ethylenediaminetetraacetic acid (EDTA), 0.1 mM Ethylene glycol-bis-
(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 1 mM DTT, and 0.5 mM Phenyl-
methylsulfonyl fluoride (PMSF) and buffer C (20 mM HEPES pH 7.9, 0.4 M KCl, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, and 1% NP-40) respectively or the NE-PER
Nuclear and Cytoplasmic Extraction Reagents Kit from Thermo Fisher Scientific (Walth-
man, MA, USA). Protease inhibitors were added to both methods (Roche Applied Sciences,
Mannheim, Germany).

2.4. Immunoblot Analysis

Initially, 10 to 30 µg of whole cell or nuclear/cytoplasmic protein extracts were sub-
jected to separation by SDS-PAGE and transferred to a nitrocellulose blotting membrane
(GE HealthCare Life Sciences and cytiva) using standard protocols. The membrane was
blocked with 5% milk in TBS-Tween 20 (TBS-T) for 1 h at room temperature and then
incubated overnight at 4 ◦C with primary antibodies at a dilution of 1:1000 in TBS-
T. The membranes were washed with TBS-T thrice and incubated for one hour with
the corresponding horseradish peroxide conjugated secondary antibody at a dilution of
1:5000 to 1:10,000. The proteins were detected using ECL substrates (Thermo Scientific,
Walthman, MA, USA).
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2.5. Electromobility Shift Assay (EMSA)

Between 5–10 µg of nuclear protein extract from the treated or control cells was incubated
along with 32P-labeled STAT6 specific oligonucleotides (5′-AGGTCGACTTCCCAAGAACAGA
-3′/5′-AGGCTCTGTTCTTGGGAAGTCGA-3′), 1–2 µg Poly[d(I-C)] and 2–3 µL of binding
buffer. The protein extracts were separated on a 5% native polyacrylamide gel and subjected to
electrophoresis. The gel was dried and exposed to X-ray films.

2.6. Intracellular Oxidant Measurement

Cells were treated either with 500 µM of the NOX-inhibitor apocynin (Acetovanil-
lon, Sigma-Aldrich, Darmstadt, Germany), 300 µM of the antioxidant butylated hydrox-
yanisole (BHA) (Sigma-Aldrich, Darmstadt, Germany), 10 µM of the flavoenzyme in-
hibitor diphenyleneiodonium (DPI) (Sigma-Aldrich, Darmstadt, Germany), or dimethyl
sulfoxide (DMSO)as solvent control for 24 h. Additional cells were treated with 1,2-bis(o-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid-(acetoxymethyl ester) (BAPTA-AM) (Hy-
cultec, Beutelsbach, Germany) and N-acetylcysteine (Sigma Aldrich, Darmstadt, Germany)
for 1 h or were treated for 30 min with 10 µM H2O2. The cells were centrifuged and
resuspended in 100 µL phosphate-buffered saline (PBS) and subsequently incubated with
10 µM 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Hycultec, Beutelsbach,
Germany) for 20 min at 37 ◦C. Dead cells were marked by staining with 50 µg/mL propid-
ium iodide (PI) for another 5 min at room temperature incubated in the dark. The samples
were measured by flow cytometer (Gallios, Beckman Coulter, Brea, CA, USA), each for
10,000 events.

2.7. Mitochondrial Superoxide Measurement

Between 500,000 to 1 million cells were seeded in 6 well plates and treated for 24 h
with Apo, BHA, DPI, or DMSO as solvent control. Two hours prior to staining, additional
cells were treated with NAC for 2 h, or BAPTA-AM for 1h. Samples were centrifuged
at 500 rpm for 5 min and resuspended in 100 µL PBS. Cells were stained with 1.87 µM
MitoSOXTM Red (Thermo Fisher Scientific, Walthman, MA, USA) and 10 µM H2DCFDA
for 30 min at 37 ◦C in the dark. MitoSOXTM Red is selectively oxidized by superoxide,
but not by other ROS or reactive nitrogen species (RNS), and is used for the detection of
mitochondrial superoxide in living cells. After staining, cells were washed twice with PBS,
resuspended in PBS, and incubated with SYTOX Blue (Thermo Fisher Scientific, Walthman,
MA, USA) for 1 min to discriminate dead from viable cells. Samples were measured on
BD LSR Fortessa (BD Biosciences, San Jose, CA, USA), acquiring 15,000 events per sample.
Gating strategy was based on unstained control and single stained samples (MitoSOX,
H2DCFDA, SYTOX Blue).

2.8. RT-qPCR

The RNeasy RNA extraction kit (Qiagen) was used to extract RNA from the cell
lines, and 1–2 µg of total RNA was used for the reverse transcription reaction using the
Superscript™ II reverse transcriptase Kit (Invitrogen, Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s protocol. The real-time PCR was performed using
the iQ™ SYBR green supermix (Bio-Rad Laboratories, Hercules, CA, USA). Each PCR
reaction and gene expression was analyzed relative to the expression of the housekeeping
gene (β-actin). The primers for amplification of NOX3, NOX5, NOX1, SOD1, SOD2,
and GPX1 were obtained from RealTimePrimers.com. For NOX2 amplification, we used
primers with the following sequences: 5′-ACCGGGTTTATGATATTCCACCT-3′ and 5′-
GATTTCGACAGACTGGCAAGA-3′). Different cell lines representing specific lymphoma
subtypes were grouped as follows: cHL included L428, L1236, KM-H2, U-HO1, and SUP-
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HD1; DLBCL included DLBCL2, DLBCL3, DLBCL4, SU-DHL4, Med-B1, and U2940; LCL
included LCL POF7, LCL POF14, and LCL POF21. Cell lines that did not express the target
gene were excluded from the analysis.

2.9. Cell Proliferation and Viability Assay

The cell lines were treated with various concentrations of apocynin, BHA, DPI, or
DMSO (control) for 48 h. Equal volume of cells were incubated with 1:4 dilution of
alarma blue® solution (AbD Serotec, Kidlington, UK) for 1–4 h. After incubation the
fluorescence intensity (excitation = 560 nm, emission = 590 nm) was measured using
SPECTRAMaxGeminiEM fluorometer to determine the difference in proliferation of the
cell lines compared to the control.

2.10. Cell Count

Cells were seeded at a density of 0.6 × 106 cell/mL at the start of the experiment
and were treated for 24 h or a 48 h with apocynin, BHA, DPI, or DMSO as indicated.
Subsequently, the cells were counted using a trypan blue exclusion assay on a Vi-Cell
Beck-man Coulter. Percentage viability was calculated by normalizing to the corresponding
DMSO controls.

2.11. Measurement of Apoptosis

Initially, 106 cells were seeded into a 6-well plate and treated with 500 µM apocynin,
300 µM BHA, 25 µM DPI, and DMSO as solvent control for 24 h. The cells were stained
with FITC Annexin V and Propidium Iodide Solution (PI) using the FITC Annexin V
Apoptosis Detection Kit with PI (BioLegend, San Diego, CA, USA). The stained samples
were measured by flow cytometer (Gallios, Beckman Coulter) for 500,000 events or 5 min.

2.12. Transcriptome Analyses

Cell lines L428 and U-HO1 were treated with either 250 µM apocynin, 200 µM BHA,
or 25 µM DPI for 24 h. Subsequently, RNA isolation was performed using the RNeasy
Kit (Qiagen, Hilden, Germany) by following the instructions of the manufacturer, and
10 ng of purified RNA was used with the QIAseq UPX 3′ Transcriptome Kit from Qiagen
to create the libraries according to the manufacturer’s protocol. The quality of the RNA
and libraries were checked on the TapeStation 4150 from Agilent using the Kits RNA
Screen Tape Assay and High Sensitivity D5000 Screen Tape (Agilent Technologies, Santa
Clara, CA, USA). Sequencing was done using the NextSeq 550 Sequencing System with
the NextSeq 550 System High-Output Kit (Illumina, San Diego, CA, USA). Sequencing
data were demultiplexed using a QIAGEN CLC Genomics Workbench and were further
analyzed with R, GSEA (Gene Set Enrichment Analysis), and Qiagen Gene Globe. Publicly
accessible codes and databases were used.

2.13. Statistical Analysis

All statistical tests were performed using the OriginPro (Origin 2022) or GraphPad
Prism software (Prism 7.0c, Prism 10.x). Values were first examined for normal distribution
using the Shapiro–Wilk test. If the data were normally distributed, the significance was
calculated using one-way ANOVA. However, if the normal distribution was not reached,
the significance of the values was checked using the Mann–Whitney test. Significance was
inferred at p < 0.05 (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001).
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3. Results
3.1. Treatment with Apo, BHA, or DPI Impairs Growth and Induces Apoptosis of cHL Cell Lines

HRS cells and cHL cell lines are known to exert constitutively engaged IL4 and IL13
signaling [3,4], which has been shown to essentially involve NOX-mediated oxidants
production in colon cancer [14]. To determine whether NOX-mediated oxidants production
affects the survival and proliferation of cHL cells, we treated a panel of different cHL
cell lines (L428, L1236, KMH2, U-HO1, and SUPHD1) with increasing concentrations of
apocynin (Apo) and diphenyleneiodonium (DPI), or the antioxidant butylated hydroxyl
anisole (BHA). We determined the impact on cell proliferation and cell death. Treatment
of cells with Apo, BHA, or DPI caused a dramatic dose-dependent reduction in the cell
numbers of all cHL cell lines tested (Figure 1A, Supplementary Figure S1). In addition,
the percentage of cell death increased in a concentration-dependent manner, reaching a
fraction of 50% in the case of 1 mM Apo or 50 µM DPI and nearly 100% using 300–500 µM
BHA (Figure 1B). In Supplementary Figure S9, lower DPI concentrations (1–25 µM) were
examined in two cHL cell lines, one DLBCL cell line (SU-DHL4), one PMBL cell line (Med-
B1), one lung adenocarcinoma cell line (H1975), and one breast adenocarcinoma cell line
(MDA-MD-436), revealing a decrease in cell viability with increasing DPI concentrations in
all cell lines except MDA-MB-436, which showed only a ~7% reduction in viability at 25 µM
DPI. A similar weak effect on viability was observed for Apo and BHA in Supplementary
Figure S1, where only 500 µM BHA reduced viability by about 16%.

Figure 1. Treatment with Apo, BHA, or DPI causes attenuated cell growth and increased cell death of
cHL cell lines. (A): Cell proliferation of the indicated cHL cell lines treated either with DMSO (Control)
or with increasing concentrations of apocynin, BHA, or DPI for 48 h as measured by alamarBlue
staining. The cell numbers obtained in the control samples were arbitrarily set to 100%, n = 3.
(B): Cell death of the indicated cHL cell lines treated either with DMSO (Control) or with increasing
concentrations of apocynin, BHA, or DPI for 48 h. Cells were stained with trypan blue and counted
using ViCell Coulter, n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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To unravel the molecular mechanism causing cell death after treatment of the cHL
cell lines with Apo, BHA, or DPI, apoptotic cells were determined by annexin staining
measured by FACS. In all three cell lines tested (L428, U-HO1, and L1236), we saw a
significant increase in early and late apoptotic cells and a significant decrease in living cells
(Figure 2A, Supplementary Figure S2). Similarly, treatment with either BHA or DPI caused
a distinct increase in cleaved caspase-3 in all cHL cell lines analyzed, supporting the notion
that NOX inhibition or antioxidant treatment induced apoptosis (Figure 2B).

Figure 2. Apoptosis is induced in cHL cell lines by Apo, BHA, and DPI treatment. (A): Measurement
of induced apoptosis in different cHL cell lines treated for 24 h either with DMSO as control, 500 µM
apocynin, 300 µM BHA, or 25 µM DPI. Cells were stained with AnnexinV/PI and analyzed by FACS
(n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. (B): Immunoblot analysis of whole cell
extracts derived from cHL cell lines treated with increasing concentrations of BHA or DPI for 24 h
using antibodies specific for either cleaved caspase-3 (cl. Casp 3), ERK2, or β-actin.

3.2. Treatment with Apo, BHA, or DPI Reduces Cellular Oxidant Levels in cHL Cell Lines

To determine the efficacy of Apo, BHA, or DPI on intracellular oxidants, the cHL cell
lines L428, U-HO1, and L1236 were used, and oxidant levels were quantified using CM-
H2DCFDA. To evaluate the effect on cellular oxidant levels, three aspects were taken into
account: 1. The number of viable oxidant-positive cells; 2. The number of viable oxidant-
negative cells; and 3. The number of dead cells caused by the treatment. Application of
BHA and DPI consistently reduced intracellular oxidants, as demonstrated by the reduced
number of viable oxidant-positive and an increased number of viable oxidant-negative
cells, although not all reductions reached statistical significance, whereas Apo showed
only a modest effect (Figure 3, Supplementary Figures S3 and S4). Moreover, as expected,
we observed an increase in dead cells (Supplementary Figure S3) after treatment with
BHA and DPI. As oxidant production by NOX or by mitochondrial respiration is calcium-
dependent [15] L428, U-HO1, and L1236 cells were treated with the cell-permeable calcium
chelator BAPTA-AM, similarly resulting in a significant increase of oxidant-negative cells.
N-Acetylcysteine (NAC), which was used as an additional positive control [16], scav-
enged oxidants in L428 and U-HO1 significantly in a dose-dependent manner. However,
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30–50% of cells died after oxidant inhibition at 20 mM NAC. To exclude the mitochondria
as source of the oxidants, mitochondrial superoxide levels in L1236 cells were measured by
MitoSOX after treatment with different compounds (Figure 3B, lower panel). In contrast
to the diminished overall oxidant measurements in BHA- or DPI-treated L1236 cells, the
mitochondrial superoxide levels remained stable, except for a significant increase following
treatment with BHA (300 µM).

Figure 3. Apo, BHA, and DPI reduce cellular oxidant levels in cHL cell lines, but do not affect or
increase mitochondrial superoxide. (A): Intracellular oxidants levels were measured in L428 and
U-HO1 cell lines. Oxidant-positive viable cells (upper panel) as well as oxidant-negative viable cells
(lower panel) normalized to control. (B): Oxidant-positive (upper panel) or -negative (middle panel)
viable L1236 cells. The mitochondrial superoxide level was measured in L1236 cells (lower panel).
All cells were treated with Apo (500 µM), 100 or 300 µM BHA, or 5 or 10 µM DPI for 24 h, as well
as BAPTA-AM and NAC for 1 h, and H2O2 (10 µM) for 30 min. Superoxide-positive viable cells as
well as superoxide-negative viable cells normalized to control. Oxidants levels were assessed using
H2DCFDA/PI (A) or MitoSOX/SYTOXTM Blue (B) followed by flow cytometric analysis ((A) n = 4)
((B) n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3.3. Expression Levels of Oxidative Stress Genes in cHL, DLBCL and LCL Cell Lines, and cHL
Tumor Samples

Conflicting results were published regarding the ROS levels and the expression of
the different NADPH oxidase (NOX) isoforms and subunits in HRS cells or cHL cell lines.
While Gierfing et al. reported a reduced expression of components of the NOX complex
in HRS and cHL cell lines accompanied by a decreased production of superoxide anion,
Bur et al. demonstrated an increased expression of oxidative stress markers in aggressive
Hodgkin’s lymphomas [17,18]. To determine the expression profile of crucial components of
the cellular redox system, the gene expression profiling (GEP) data set SE12453 [19] mined

https://doi.org/10.3390/antiox15010090

https://doi.org/10.3390/antiox15010090


Antioxidants 2026, 15, 90 9 of 21

from the GEO database (www.ncbi.nlm.nih.gov/geo, accessed on 28 November 2024)
using the GeneSifter microarray data analysis software version 5.0 (www.genesifter.net,
PerkinElmer, Waltham, MA) was reanalyzed. The analyses of several NOX family members,
as well as DUOX1 and DUOX2, across a panel of tumor samples showed no significant
differences between cHL and other lymphoma subtypes (Figure 4A). The scale in panel
4A represents the relative expression of the indicated oxidase within the respective B-cell
lymphoma samples and therefore allows comparison of the expression levels both between
different B-cell lymphoma entities and among the individual oxidases. The expression
levels of NOX, SOD, and DUOX genes were analyzed at the mRNA level. qPCR analysis
revealed a significantly increased NOX2 (CYBB) expression in DLBCL cell lines compared
to LCL or cHL cells (Figure 4B). In contrast, GPx1, NOX1, and NOX5 expression did
not differ between these groups, and NOX3 and NOX4 expression were not detectable.
Antioxidant enzymes SOD1 and SOD2 were also investigated regarding their mRNA and
protein expression in cHL, LCL, and DLBCL cell lines. SOD1 demonstrated significantly
higher mRNA expression in DLBCL compared to cHL, while SOD2 levels did not show
significant differences between the groups (Figure 4C). On protein level, SOD1 and SOD2
are expressed at similar levels in cHL and LCL cells (Figure 4D). However, among the cHL
cell lines, L428 and U-HO1 show the strongest SOD2 expression. The examined DLBCL
cell lines exhibit increased expression of both SOD1 and SOD2 compared with cHL and
LCL cells. Taken together, microarray analysis of cHL tumor samples did not reveal major
differences in NOX or DUOX expression compared to other lymphoma entities (Figure 4A),
whereas qPCR and immunoblot analysis showed higher NOX2 and SOD expression in
DLBCL cell lines relative to cHL and LCL cell lines (Figure 4B–D).

Figure 4. Analysis of oxidant-modifying factors in different lymphomas. (A): Relative expression
levels of the indicated oxidant-modulating genes were compared across lymphoma entities, including
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nodular lymphocyte-predominant Hodgkin’s lymphoma (NLPHL), T-cell rich B-cell lymphoma
(TCRBL), follicular lymphoma (FL), Burkitt’s lymphoma (BL), chronic B-cell lymphoma (CB),
chronic lymphocytic leukemia (CLL), node (N), metastasis (M), and primary central nervous system
lymphoma (PC). Re-analysis of GEP data set SE12453 (18794340) mined from the GEO database
(www.ncbi.nlm.nih.gov/geo/) using the GeneSifter microarray data analysis software version 5.0
(www.genesifter.net, PerkinElmer, Waltham, MA), with RMA normalization applied; data are shown
as mean fluorescence ± standard deviation (SD). (B): RT-qPCR analysis of NOX1, NOX2, NOX5,
and GPx1 expressions were conducted in DLBCL (n = 2–3) and LCL (n = 3) cell lines, compared to
cHL (n = 1–5). n indicates the number of cell lines within each group expressing the target gene.
(C): RT-qPCR analysis of SOD1 and SOD2 expression was performed in DLBCL (n = 3) and LCL
(n = 3) cell lines and compared to cHL cell lines (n = 4). n indicates the number of cell lines within
each group expressing the target gene. (D): Protein expression of SOD1 and SOD2 was confirmed by
immunoblotting in five cHL, three DLBCL, and two LCL cell lines, using β-tubulin as a housekeeper.
* p < 0.05; *** p < 0.001.

3.4. Treatment with Apo, BHA, and DPI Affects Different Genes and Signaling Pathways

To investigate the impact of modulating the oxidant levels on gene expression in
cHL, L428 and U-HO1 cells were treated with Apo, BHA, or DPI followed by transcrip-
tome profiling. This revealed that Apo treatment had the mildest effect, as expected,
while BHA and DPI treatment altered the expression patterns of both cell lines markedly
(Supplementary Figures S5 and S6). Distinct gene clusters were specifically upregulated
in Apo-, BHA-, or DPI-treated cells while being downregulated under other conditions
(Supplementary Figure S5). Among DPI-treated U-HO1 cells, >85% of significantly al-
tered genes were downregulated (e.g., FYB2, TTLL7, and ZPLD1). Few genes were up-
regulated (e.g., CCDC28B, HMOX1, IRF1, and TP53). BHA induced a more balanced
expression shift, including upregulation of HACD4, TSC1, and multiple SNAR-associated
genes, alongside downregulation of RAP1A, PIK3R1, and MAP7. In L428, DPI caused
both up- (e.g., DPH2, TNFSF15, and MMP13) and downregulation (e.g., multiple SNAR-
associated genes and COL19A1). BHA notably upregulated immune/inflammatory genes
(e.g., MMP13 and TNFSF15) and downregulated various small nucleolar RNAs (SNARs).
A Venn diagram of DPI- and BHA-treated U-HO1 and L428 cells revealed limited over-
lap in differentially expressed genes (Supplementary Figure S6). Only a few genes—
LINC01203, MAPK9, RAP1A, TAOK1, and ZPLD1—were consistently affected across treat-
ments and cell lines. These genes are linked to stress responses, cytoskeletal regulation, and
cellular microenvironment interactions.

An additional GSEA identified oxidant-responsive signaling pathways and cell line-
or treatment-specific effects (Figure 5). BHA strongly induced stress response pathways
in both cell lines (e.g., TNFα/NF-κB, interferon, ROS, p53, UV response, and mTORC1),
while downregulating MYC_TARGETS_V1. DPI had milder effects in U-HO1, notably
up-regulating TGF_BETA_SIGNALING and INTERFERON_GAMMA_RESPONSE, but
triggered broader changes in L428, including downregulation of MYC_TARGETS_V1 and
OXIDATIVE_PHOSPHORYLATION. Together, these GSEA results reveal highly heteroge-
nous, compound, and cell line responses affecting different apoptotic and proliferative
pathways, including Myc targets.
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Figure 5. Transcriptome analysis in L428 and U-HO1 cells. Transcriptome profiling was performed
to analyze hallmark gene expression in BHA- (200 µM), DPI- (25 µM), or DMSO-treated L428 and
U-HO1 cells after 24 h of treatment compared to untreated controls. Gene set enrichment analysis
(GSEA) was performed using hallmark gene sets from MSigDB. Shown are all hallmark pathways
with p < 0.05, ranked by normalized enrichment score (NES).

3.5. Apo, BHA, and DPI Affect Constitutively Active JAK/STAT Signaling in cHL Cell Lines

As we observed a devastating effect by inhibiting NOX-dependent oxidants’ pro-
duction on the proliferation and survival of cHL cell lines, we next aimed to determine
the molecular mechanism underlying this effect. Since the regulation of JAK/STAT path-
ways has been described previously as redox-sensitive [7,10], we analyzed the impact of
Apo, BHA, and DPI treatment on the constitutive JAK/STAT signaling in cHL cell lines.
Nuclear proteins isolated from the different cHL cell lines that were either treated with
DMSO or with Apo (100 µM and 250 µM), BHA (100 µM and 300 µM), or DPI (10 µM and
25 µM) were subjected to electrophoretic mobility shift assay (EMSA) using a STAT specific
radio-actively labeled oligonucleotide. In general, Apo, BHA, or DPI treatment caused a
diminished STAT DNA binding activity in all cHL cell lines tested (Figure 6A). Moreover,
western blot analysis of whole cell extracts from cHL cell lines treated with Apo, BHA, and
DPI also revealed a reduction in STAT6 phosphorylation (Figure 6B). However, the extent
of the phospho-STAT6 reduction varied along the different agents used. DPI consistently
had the strongest impact, while BHA treatment led to a moderate decrease, and apocynin
had only a minor effect on the phospho-STAT6 levels. The effect of Apo, BHA, and DPI
treatment is not limited to phospho-STAT6 levels, but also a decrease in phospho-STAT3
levels is observed in L428 (Supplementary Figure S7A). Interestingly, however, U-HO1 cells
showed no significant changes in phospho-STAT3 levels (Supplementary Figure S7B). To
exclude whether treatment of the cHL cell lines had a general impact on intracellular tyro-
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sine phosphorylation, we determined phospho-tyrosine levels by western blot analysis. As
shown in Figure 6C and Supplementary Figure S8, total phospho-tyrosine levels remained
unaltered upon treatment with Apo, BHA, or DPI, suggesting that the observed reduction
in pSTAT6 levels is not due to a general reduction in tyrosine-phosphorylation.

Figure 6. Treatment with Apo, BHA, and DPI attenuates JAK/STAT signaling in cHL cell lines.
(A): Electrophoretic mobility shift assay (EMSA) using a 32P-labeled STAT-specific oligonucleotide
and nuclear extracts from the indicated cHL cell lines treated with DMSO (0) or increasing concentra-
tions of Apo, BHA, or DPI. * p < 0.05; ** p < 0.01 (B): Immunoblot analysis of whole cell extracts from
the indicated cHL cell lines using antibodies specific for pSTAT6 and a β-actin as loading control.
Cells were treated with DMSO, Apo, BHA, or DPI, as indicated. (C): Immunoblot analysis of whole
cell extracts from L428 cells using an anti-phosphotyrosine (pTyr) antibody. Equal protein loading
was verified by PonceauS (PonS) staining of the membrane. L428 cells were treated with either
DMSO, Apo, BHA, or DPI for 24 h.

3.6. Ectopic Expression of a Constitutively Active STAT6 Rescues Apo, DPI, or
Antioxidant-Induced Cell Death

Our results suggest that inhibition of the JAK/STAT pathway might by responsible for
the reduced proliferation and increased apoptosis in Apo-, BHA-, or DPI-treated cHL cell
lines. To further underscore this finding, an L428 cell line stably expressing a constitutively
active STAT6 mutant (STAT6VT) was generated (Figure 7B). STAT6VT cells showed a partial
rescue from apoptosis induced by BHA (8% vs. 16% apoptotic cells) or DPI (20% vs. 39%
apoptotic cells) treatment (Figure 7A). Moreover, STAT6VT expression also rescued L428
cells for apoptosis induced by treatment with a pharmacological JAK2 inhibitor, although
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to a lower extent (6% vs. 9% apoptotic cells). STAT6 phosphorylation was similarly affected
by Apo, BHA, or DPI treatment in control L428 and STAT6VT-L428 cells (Figure 7C).
However, basal STAT6 phosphorylation levels appeared to be higher in STAT6VT-L428
cells. Taken together, as STAT6VT activity is independent of JAK2 activity, the partial rescue
of STAT6VT-L428 cells in combination with the similar decrease in pSTAT6 levels suggest
that the apoptosis-inducing effect of Apo, BHA, or DPI treatment is partially based on an
impairment of JAK2 activity.

Figure 7. Ectopic expression of a constitutively active STAT6 mutant reduces cell death induced by
Apo, BHA, or DPI treatment. (A): Apoptosis of the L428 control cells (empty vector, EV) and L428-
STAT6VT cells were assessed after treatment with apocynin (250 µM), BHA (300 µM), DPI (25 µM), or
a JAK2 inhibitor (1 µM) for 24 h. Apoptotic cells were quantified by Annexin V/PI staining followed
by flow cytometric analysis (n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001. (B): Characterization of
the L428 cell clone stably expressing STAT6VT. Anti-FLAG immunoprecipitation was performed
using whole cell extracts from EV and STAT6VT-expressing cells, followed by immunoblotting with a
STAT6-specific antibody. Additionally, whole cell extracts were analyzed directly by immunoblot
using antibodies against STAT6 and ERK2. (C): Immunoblot analysis of whole cell lysates from
L428-EV and L428-ST6VT cells using antibodies specific for pSTAT6, total STAT6, and β-actin.

3.7. Knockdown of Protein Tyrosine Phosphatases Attenuates Apo, BHA, or DPI-Induced
Cell Death

As the JAK/STAT pathway appears to participate in the Apo-, BHA-, or DPI-induced
effects, we next asked whether the redox-regulated protein tyrosine phosphatases PTP1B
and TC-PTP [20], known to be negative regulators of the JAK/STAT signaling pathway,
are involved in this redox-regulated process. To examine the potential role of PTP1B and
TC-PTP, L428 cells were transiently transfected with siRNAs specific to PTP1B and TC-
PTP. Determination of the percentage of specific cell death caused by either BHA or DPI
treatment revealed reduced apoptosis in cells with either individual PTP1B or TC-PTP
knockdown or the combined knockdown of PTP1B and TC-PTP (Figure 8A). In the case
of BHA treatment, a combinatorial effect was observed when the expression of both PTPs
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was suppressed (Figure 8A). The effect of the PTP knockdown was also visible on phospho-
STAT6 levels in untreated or BHA- and DPI-treated L428 cells. As expected, phospho-STAT6
levels were diminished after BHA or DPI treatment (Figure 8B). PTP1B knockdown, but
not TC-PTP knockdown, partially reverted this BHA and DPI-induced reduction in STAT6
phosphorylation (Figure 8B), although not reaching statistical significance. Combined, the
data suggest that PTP1B and TC-PTP are involved in the oxidant-dependent regulation of
phospho-STAT6 levels in cHL cell lines.

Figure 8. Knockdown of PTP1B or TC-PTP diminished BHA- and DPI-induced cell death in L428
cells. (A): Apoptosis in L428 cells transiently transfected with the indicated siRNAs was determined
by Annexin V/PI staining followed by flow cytometric analysis. Cells were treated for 24 h with
DMSO (Control), BHA (300 µM), or DPI (10 µM). Shown is the ratio of apoptotic cells normalized
to DMSO-treated controls (n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001. (B): Immunoblot analysis
of transiently transfected L428 cells with indicated siRNAs following treatment with DMSO, BHA
(300 µM), or DPI (10 µM). Antibodies used for detection include pSTAT6, STAT6, TC-PTP, PTP1B,
and β-actin (n = 4).

4. Discussion
Oxidants have been linked to antimicrobial responses or defective respiratory chain

activity, leading to undesirable modifications of cellular macromolecules like DNA or
protein alterations [21–23]. However, accumulating evidence supports the notion that
oxidants exert essential roles in various signal transduction processes [9,10]. NADPH-
dependent oxidases (NOXs) are recruited to the plasma membrane upon stimulation by
cytokines IL4 and IL13, resulting in temporally and spatially restricted H2O2 production.
For instance, NOX-mediated oxidant generation has been shown to be essential for an
IL4-induced activation of the JAK/STAT signaling pathway [4,15], which is also crucial
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for the survival and growth of HRS cells and cHL cell lines [4]. This link prompted us to
explore the effect of NOX inhibition or oxidant scavenging on JAK/STAT activation in cHL
cell lines. We focused on STAT6 because HRS cells exhibit constitutive activation of this
transcription factor, which is involved in IL4/IL13 signaling, promoting cell survival and
immune evasion [24]. We observed a distinct reduction in STAT6 DNA-binding activity as
well as decreased phosphorylation of STAT6 at the tyrosine residue across all cHL cell lines
used, pointing to a diminished STAT activity as basis of the negative effect imposed by Apo,
BHA, or DPI. This result is consistent with the apocynin- or DPI-mediated impairment of
STAT6 activity in A549 cells described by Sharma et al. [15]. Consistently, L428 cells with
an ectopic expression of a constitutive active STAT6 (STAT6VT) show a reduced apoptosis
(Figure 7A). The activity of the STAT6VT mutant is independent of the upstream JAK2
kinase, and the partial rescue of STAT6VT expressing L428 cells implies that inhibition of
JAK2 is at least involved in the BHA and DPI effect on cHL cell line survival. However, the
negative effect is not limited to STAT6 as also phospho-STAT3 levels decreased in L428 after
treatment, which is in line with previous studies showing STAT3 is frequently activated in
cHL and its microenvironment. However, STAT3 is considered a common but not defined
feature of cHL pathogenesis [24].

Taking the crucial role of STAT activity for cHL proliferation and survival into account,
the growth inhibition and reduced survival of cHL cell lines upon Apo, BHA, or DPI
treatment are in line with these findings (Figure 1, Supplementary Figure S1). Similar
results were obtained in a study using the EBV-positive Burkitt’s lymphoma cell line
Raji, where the viral protein LMP1 increases H2O2 levels, and DPI-mediated blockade
of H2O2 production induces cell cycle arrest and subsequent apoptosis [8,25]. In our
experiments, we obtained evidence that the observed increase in cell death is caused by
apoptosis, as demonstrated by FACS analysis and the appearance of cleaved caspase-3
(Figure 2, Supplementary Figure S2).

Based on our oxidant measurements, intracellular oxidant levels were found to de-
crease upon treatment with BHA or DPI (Figure 3 and Supplementary Figure S3), indicating
that the observed cell death is associated with reduced oxidant levels affecting JAK/STAT
signaling. This increase in apoptosis might also explain the relatively mild effect of Apo,
BHA, or DPI treatment on intracellular oxidant levels, as apoptotic cells were excluded from
the analysis (Figure 3). Furthermore, treatment with the calcium chelator BAPTA-AM also
lowered intracellular oxidant levels, which is consistent with previously published data
regarding the role of calcium in oxidant-mediated JAK/STAT activation in IL4-stimulated B
cells [15]. However, it is noteworthy that calcium has versatile effects on cellular signaling.
For instance, calcium might affect JAK/STAT signaling by a direct effect on NOX activity
by modulating STAT phosphorylation mediated by CAMKII [26,27] or by affecting the
stability of the negative JAK/STAT regulator protein phosphatase 1B [28]. Defining the
exact points at which calcium affects JAK/STAT activity in cHL cell lines or HRS cells will
be an important part of future studies.

Importantly, these effects were not due to compound-induced disruption of the mito-
chondrial respiratory chain. None of the compounds and concentrations used diminished
mitochondrial superoxide production, a BHA treatment with 300 µM even increased mi-
tochondrial superoxide levels. Notably, 300 µM BHA was the most effective condition in
reducing intracellular oxidant levels in L1236 cells. Together, these findings support the
notion that intracellular oxidants produced by NOX are critical for cHL cell survival, as
treatment with Apo, BHA, or DPI did not reduce mitochondrial superoxide levels.

Cellular targets of the NOX-derived oxidants might be the non-receptor protein tyro-
sine phosphatases PTP1B and TC-PTP, which are known to be redox-sensitively regulated
by temporary and reversible oxidation of a cysteine residue in their active sites [29–33].
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Reduction of cellular PTP1B and/or TC-PTP levels by siRNA indeed reduced apoptosis
in DPI or BHA-treated L428 cells (Figure 8A) accompanied by a less pronounced loss in
STAT6 phosphorylation (Figure 8B). However, PTP1B and TC-PTP appear not to be the
only targets as siRNA-mediated knock down of these phosphatases only partially restored
L428 survival and STAT6 phosphorylation (Figure 8), although an incomplete knock down
of both phosphatases might have hampered this analysis. This notion is supported by the
observation that growth and survival of the PTP1B defective cHL cell line U-HO1 [34]
is also affected by Apo, DPI, or BHA treatment (Figure 1) although less pronounced as
compared to the other cHL cell lines used (Figure 1 and Supplementary Figure S1). The
reduced response of U-HO1 to Apo, BHA and DPI is also highlighted by the stable phospho-
STAT3 levels (Supplementary Figure S7B). Together, we concluded that PTP1B and TC-PTP
participate in the oxidant-mediated regulation of the essential STAT activity, but are not the
exclusive targets.

To further elaborate the connection between impairment of oxidant production,
JAK/STAT activity and cHL, cell proliferation and survival, we employed transcriptomic
analyses. Indeed, treatment of cHL cells with BHA and DPI induces consistent transcrip-
tomic alterations characterized by the suppression of proliferative gene programs (MYC,
E2F, and cell cycle regulation) and metabolic pathways (glycolysis and oxidative phosphory-
lation), alongside activation of immune and stress responses including interferon signaling,
TNFα/NFκB, inflammation, apoptosis, and hypoxia. These findings are consistent with
previous reports highlighting the role of redox homeostasis in regulating essential cellular
processes. BHA is known to stimulate the HO-1/Nrf2 axis and induce p53, interferon-, and
NFκB-signaling pathways, promoting cell cycle arrest [35–38]. DPI exhibits a differential
effect on p53-dependent and -independent cell cycle progression, inhibiting proliferative
and metabolic signaling while enhancing immunological and apoptotic responses [37].
Despite impaired STAT6 and STAT3 activation following BHA and DPI treatment, we
observe strong induction of inflammatory and interferon-mediated gene sets. This paradox
may be explained by apoptotic cell death-induced release of damage-associated molecular
patterns (DAMPs), which can amplify secondary immune signaling, probably by NFκB-
signaling. In line with this, DPI induces G2-M cell cycle arrest in Raji cells, leading to
apoptosis, which was accompanied by c-Myc downregulation and a reduction in oxidant
levels [8]. In aggressive NK-cell leukemia (ANKL), STAT3 signaling was shown to act
as an upstream regulator that directly activates the MYC transcriptional program [39].
Overall, our transcriptome data indicate that modulation of ROS levels by BHA or DPI
in cHL cells leads to coordinated suppression of proliferation and metabolism alongside
activation of immune and apoptotic pathways. These effects, occurring despite impaired
STAT3/6 activation, highlight the therapeutic potential of targeting redox homeostasis in
cHL lymphoma.

Analyzing the expression levels of the different NAPDH-dependent oxidases, we
observed low mRNA levels of NOX1 and NOX2 and normal levels of NOX5 in the cHL
cell lines (Figure 4B). In cHL tumor samples, however, no significant differences in the
expression of a panel of redox regulators were observed compared to other types of
B cell lymphoma (Figure 4A). These findings are in line with the results presented by
Giefing et al., who reported downregulation of NOX2/CYBB and other genes in cHL cell
lines compared to normal B cells, resulting in impaired NADPH oxidase function and
reduced oxidant production in cHL [18]. Oxidant production might differ between cHL
tumor samples and cHL cell lines due to differences in NOX gene expression, and we also
observed variability in NOX expression among the cHL cell lines themselves. However,
as NOX inhibition and antioxidant scavenging by BHA shows a deleterious effect on cHL
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proliferation and survival, accompanied by an inhibition of STAT activity, we conclude that
even a comparable low NOX-mediated oxidant production is required for cHL cell stability.

Taken together, we would like to postulate the following model in Figure 9 for the role
of the NOX-produced oxidants in the cell signaling of cHL cell lines and probably for the
Hodgkin–Reed/Sternberg cells in classical Hodgkin’s lymphoma: Elevated cytokine levels
in the cHL microenvironment lead to a permanent engagement of cytokine receptors, in-
cluding IL4/IL13 receptors, causing constitutive activation of Janus kinases like JAK2 [3,4].
Activated JAKs phosphorylate and therefore activate STAT transcription factors, controlling
anti-apoptotic and growth-supporting gene expression. In addition, ligand-bound cytokine
receptors RTKs can trigger Ca2+ signals that further support NOX activation and local
superoxide anion formation. This superoxide is converted to hydrogen peroxide by SODs.
Hydrogen peroxide oxidizes specific proteins, including PTP1B and TC-PTP, which are
subsequently inhibited. In addition, the activity of these phosphatases is likely modulated
by further, yet-unknown mechanisms (indicated as X). As PTP1B and TC-PTP are known
as negative regulators of the JAK/STAT pathway in lymphoma, inhibition of these phos-
phatases supports the growth and survival of HRS cells and cHL cell lines. Consistently, the
inhibition of NOX-mediated oxidant generation by Apo, BHA, or DPI treatment reduces
hydrogen peroxide levels and reactivates PTP1B and TC-PTP, which in turn dephosphory-
late JAK2 and STAT6, causing a reduced proliferation and cell survival. As we observed
a similar negative effect of DPI treatment on the likewise JAK/STAT-dependent cell lines
SU-DHL4, Med-B1, and H1975 [3,4,40,41], but not on the JAK/STAT-independent cell line
MDA-MB-436 [42] in a viability assay, we hypothesize that a decrease of NOX-derived
cellular oxidants might be a general mechanism to impair JAK/STAT-dependent tumor
cells, similar to the model of Konaté et al. As HRS cells, the malignant cell type in classical
Hodgkin’s lymphoma, require and actively generate a specific cytokine and chemokine
milieu for their survival, a constant production of oxygen species is an essential part of this
process. Our results underscore that this constitutive oxidant production is essential for the
survival of cHL cell lines. Disruption of this production leads to the induction of apoptotic
processes in cHL cells and is associated with downregulation of JAK/STAT signaling.

Figure 9. Schematic model illustrates the proposed oxidant-dependent signaling pathway in cHL cell
lines and HRS cells. Oxidants generated by NOX, whose activity can be further supported by Ca2+-
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dependent mechanisms, promote activation of the JAK/STAT signaling pathway by inhibiting
the negative regulatory phosphatases PTP1B and TC-PTP and potentially additional PTPs (PTPX).
Pharmacological treatment with Apo, BHA, and DPI lowers intracellular oxidants levels, thereby
relieving the inhibition of these phosphatases. This, in turn, leads to an overall reduction in JAK/STAT
pathway activity. X indicates yet-unknown mechanisms that may also affect PTP activity upon
treatment with Apo, BHA, and DPI.

5. Conclusions
In this study, we demonstrate that NOX-derived oxidants play a critical role in main-

taining survival and proliferative signaling in classical Hodgkin lymphoma cell lines.
Pharmacological inhibition of NOX activity or scavenging of intracellular oxidants results
in reduced intracellular oxidant levels, attenuation of constitutive JAK/STAT signaling
and induction of apoptosis. These effects are accompanied by transcriptional reprogram-
ming characterized by suppression of proliferative and metabolic pathways and activa-
tion of stress, immune, and apoptotic responses. Mechanistically, our data indicate that
redox-sensitive protein tyrosine phosphatases, including PTP1B and TC-PTP, contribute
to oxidant-mediated regulation of STAT activity, although additional targets are likely
involved. Importantly, the observed effects are independent of mitochondrial superoxide
production, underscoring the specific relevance of NOX-derived oxidants. Together, our
findings support a model in which a finely tuned redox balance is essential for cHL cell
survival and suggest that targeting redox homeostasis may represent a promising strategy
to impair JAK/STAT-dependent tumor growth in cHL.
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Abbreviations
The following abbreviations are used in this manuscript:

DLBCL Diffused large B cell lymphoma
DMSO Dimethyl sulfoxide
NOX NADPH oxidase
JAK Janus kinase
STAT Signal Transducers and Activators of Transcription
LCL Lymphoblastoid cell line
pRB Phosphor-Retinoblastoma
pTyr Phosphor-tyrosine
H2O2 Hydrogen peroxide
O2

− Superoxide
HRS Hodgkin and Reed/Sternberg
Apo Apocynin
BHA Butylated hydroxyanisole
DPI Diphenyleneiodonium chloride
cHL Classical Hodgkin’s Lymphoma
IL Interleukin
SOD Superoxide dismutase
NAC N-acetylcysteine
GSEA Gene Set Enrichment Analysis
PTP1B Protein-tyrosine phosphatase 1B
TC-PTP T-cell protein tyrosine phosphatase
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