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Abstract

Reactive oxygen species (ROS) are key modulators of apoptosis and carcinogenesis. One of the 

important sources of ROS is NADPH oxidases (NOXs). The isoform NOX5 is highly expressed in 

lymphoid tissues, but it has not been detected in any common Hodgkin or non-Hodgkin lymphoma 

cell lines. In diverse, nonlymphoid malignant cells NOX5 exerts an antiapoptotic effect. Apoptosis 

suppression is the hallmark feature of a rare type of lymphoma, termed anaplastic lymphoma 

kinase-positive (ALK+) anaplastic large-cell lymphoma (ALCL), and a major factor in the therapy 

resistance and relapse of ALK+ ALCL tumors. We applied RT-PCR and Western blot analysis to 

detect NOX5 expression in three ALK+ ALCL cell lines (Karpas-299, SR-786, SUP-M2). We 

investigated the role of NOX5 in apoptosis by small-interfering RNA (siRNA)-mediated gene 

silencing and chemical inhibition of NOX5 using FACS analysis and examining caspase 3 

cleavage in Karpas-299 cells. We used immunohistochemistry to detect NOX5 in ALK+ ALCL 

pediatric tumors. NOX5 mRNA was uniquely detected in ALK+ ALCL cells, whereas cell lines of 

other lymphoma classes were devoid of NOX5. Transfection of NOX5-specific siRNA and 

chemical inhibition of NOX5 abrogated calcium-induced superoxide production and increased 

caspase 3-mediated apoptosis in Karpas-299 cells. Immunohistochemistry revealed focal NOX5 

reactivity in pediatric ALK+ ALCL tumor cells. These results indicate that NOX5-derived ROS 

contribute to apoptosis blockage in ALK+ ALCL cell lines and suggest NOX5 as a potential 

pharmaceutical target to enhance apoptosis and thus to suppress tumor progression and prevent 

relapse in pediatric ALK+ ALCL patients that resist classical therapeutic approaches.
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Anaplastic large-cell lymphoma (ALCL) is a heterogeneous group of aggressive peripheral 

T cell lymphomas accounting for about 3% of adult and 15% of pediatric non-Hodgkin 

lymphomas (NHLs) [1,2]. ALCL is characterized by the presence of cohesive sheets of large 

lymphoid cells of T or null cell phenotype and is distinguished by the expression of the 

Ki-1/CD30 antigen [3–5]. ALCL is frequently associated with chromosomal translocation, 

in which the ALK gene, encoding an orphan tyrosine kinase receptor, is fused to a variety of 

other genes. The resulting fused anaplastic lymphoma receptor tyrosine kinase (ALK) is 

constitutively active and functions as an oncoprotein, triggering uncontrolled cell 

proliferation and resistance to apoptotic signals [6–10]. ALK mediates its effects through 

diverse but interconnected and overlapping pathways, including the phosphatidylinositol 3-

kinase/AKT/mTOR, the mitogen-activated protein kinase (MAPK/ERK1/2), the 

phospholipase C-γ (PLC-γ), and the Janus-activated kinase/signal transducer and activator 

of transcription pathways [6,11,12]. These pathways mediate antiapoptotic, mitogenic, or 

inflammatory signals. One of the common regulatory mechanisms involved in all these 

pathways is the production of reactive oxygen species (ROS). ROS generation can be related 

to both physiological cell function and cell toxicity, depending on the amount, the source, 

and the intracellular localization of ROS production. Specifically, ROS can act as second 

messengers in signaling cascades, promoting cell growth and differentiation, and/or perform 

as apoptotic or antiapoptotic signals [13]. The only known enzymes solely dedicated to ROS 

generation are NADPH oxidases (NOXs). Over the past 15 years a number of ROS-

producing NADPH oxidase isoforms have been identified, but their physiological and 

pathological roles are still largely unexplored [14–18]. NOX5 is a special member of the 

NOX enzyme family, as it is expressed in humans but has no rodent homolog, severely 

hampering opportunities to investigate its function in a physiological context. High NOX5 

mRNA expression is detected in the germinal centers of spleen and lymph nodes, regions 

that are rich in B and T cells; however, NOX5 is absent from circulating lymphocytes [19]. 

Another striking feature of NOX5 is that its expression is upregulated in some cancers and in 

various transformed cancer cell lines, but no strong NOX5 expression has been reported in 

hematopoietic or lymphoid cancer cells except for a low level of expression in hairy cell 

leukemia [20,21]. In prostate cancer cells, inhibition of NOX5-derived ROS production 

resulted in enhanced apoptosis, suggesting that NOX5 may be an antiapoptotic molecule 

[20]. Resistance to proapoptotic signaling is a characteristic feature of ALCL resulting in 

aggressive growth [22]. In general, ALCLs have a good prognosis; however, about 20–30% 

of patients relapse owing to the survival of residual, conventional therapy-resistant tumor 

cells [6,23]. Thus, identifying molecules that activate additional antiapoptotic pathways is of 

significant clinical interest for the treatment of ALCL.

Our study revealed NOX5 expression in three independent ALK+ ALCL cell lines and 

demonstrates that NOX5 depletion results in enhanced apoptosis via the activation of the 

caspase 3 pathway. To confirm the clinical potential of our data, we identified a number of 
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NOX5-positive cells in ALCL pediatric tumors. Taken together, our results suggest a role for 

NOX5 in the apoptosis-resistant phenotype of ALK+ ALCL cell lines in vitro and may 

indicate that it is involved in the aggressive tumor growth and apoptosis resistance that are 

hallmark features of ALCL malignancies.

Materials and methods

Cell culture

Karpas-299, SR-786, and SUP-M2 cells were purchased from the German National 

Resource Center for Biological Material (Braunschweig, Germany) and were cultured in 

RPMI 1640 medium supplemented with 10% fetal calf serum and 100 U/ml penicillin and 

100 μg/ml streptomycin. Ionomycin, melittin (Sigma, Busch, Switzerland), and thapsigargin 

(Calbiochem, Darmstadt, Germany) were diluted in dimethyl sulfoxide (DMSO).

Small interfering RNA (siRNA) transfections

SiRNA duplex oligonucleotides specific for the human NOX5 mRNA were designed based 

upon published sequence (NM_024505) and were as follows: siRNA sense, 5′-

GGUGGACUUUAUCUGGAUCtt-3′; siRNA antisense, 5′-

GAUCCAGAUAAAGUCCACCtt-3′ (Ambion, Cambridgeshire, UK). Control scrambled 

siRNA sequence was 5′-AATTC-TCCGAACGTGTCACGT-3′ (Xeragon, Cologne, 

Germany). Transfections were performed using an RNAiFect transfection kit following the 

manufacturer’s protocol (Qiagen, Basel, Switzerland). Cells were harvested for subsequent 

analysis at 24 or 48 h after transfection.

Reverse transcription and polymerase chain reaction

Total RNA was prepared using Trizol reagent (Invitrogen, Basel, Switzerland). Two 

micrograms of DNA-free RNA was reverse transcribed using Superscript II reverse 

transcriptase (Invitrogen). PCR was carried out using TaqDNA polymerase (Qiagen). 

Primers specific for the different regions of human NOX5 and β-actin are listed in 

Supplementary Table S1. cDNAs of human tonsil, fetal thymus, spleen, and testis were 

purchased from Clontech (Mountain View, CA, USA).

Detection of ROS production

Forty-eight hours after transfection, 0.5 × 105 Karpas-299 cells were placed in a 96-well 

microplate. ROS production was measured by chemiluminescence in the presence of 5-

amino-2, 3-dihydro-1,4-phthalazinedione (luminol; Sigma) using a thermostatically (37 °C) 

controlled luminometer (Fluoroskan Ascent FL, Catalys, Wallisellen, Switzerland). Cells 

were incubated in Hanks’ balanced salt solution supplemented with luminol (60 μM) and 

horseradish peroxidase (0.5 U/ml) under basal conditions or in the presence of ionomycin (1 

μM) or thapsigargin (6 μM). Chemiluminescence was monitored continuously for 30 min. 

Background fluorescence was measured in the absence of cells.

Carnesecchi et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2020 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell proliferation measurements

Karpas-299 cells transfected with scrambled or NOX5-specific siRNA were seeded into 24-

well plates at a density of 1 × 106 cells per well and stained with trypan blue dye 

(Invitrogen). Direct cell counts were performed by optical microscopy or by Countess 

automated cell counter (Invitrogen).

Apoptosis detection

To distinguish live, apoptotic, and necrotic cells, Karpas-299 cells transfected with 

scrambled or siNOX5 siRNAs were washed in phosphate-buffered saline and stained with 7-

amino actinomycin D (7-AAD, 0.3 μg/ml) and analyzed immediately in a flow cytometer 

(Becton–Dickinson Immunocytometry Systems). Data from 10,000 events per sample were 

collected and analyzed using the CellQuest analysis program (BD Biosciences). The regions 

representing alive, apoptosis, and late apoptosis/necrosis were defined according to the 7-

AAD fluorescence (FL3-negative, -dim, and -bright, respectively) combined with cell 

morphology (FSH) [24]. Unstained fixed cells were used as negative controls.

Western blot

Karpas-299 cells (1 × 106) were lysed in RIPA NP-40 buffer (300 mM NaCl, 2% NP-40, 

0.2% SDS, 1% deoxycholic acid, 100 mM Tris–HCl, pH 7.4, 0.5 mM EDTA, 3 mM 

orthovanadate, 10 mM NaF, and a cocktail of protease inhibitors (Roche, Mannheim, 

Germany). Cells were centrifuged for 10 min at 13,000 g. Supernatants were collected and 

proteins were separated by SDS–PAGE and electrophoretically transferred to nitrocellulose 

membrane. Nonspecific binding was blocked using 4 mg/ml polyvinyl alcohol (BASF AG, 

Wädenswil, Switzerland) in Tris-buffered saline (4 mM Tris base, 100 mM NaCl, pH 7.5) 

and 0.1% Tween. Membranes were incubated with the anti-NOX5 rabbit polyclonal 

antibody (generated against the recombinant fragment of human NOX5 (NP_078781) 

encoding amino acids 199–240, a gift from Dr. Eric Ogier-Denis, INSERM Unité 479, 

Faculté de Médecine Xavier Bichat, Paris, France) at a dilution of 1/1000 at 4 °C overnight. 

Commercial antibodies are listed in Supplementary Table S2. Membranes were then washed 

and incubated for 1 h in the presence of horseradish peroxidase (HRP)-conjugated goat anti-

mouse or anti-rabbit antibody at a dilution of 1/3000 (Sigma–Aldrich). The immune 

complexes were visualized using Supersignal West Dura chemiluminescent substrate (Perbio 

Science, Lausanne, Switzerland) and the intensity of the bands was measured in a Geldoc 

image analyzer (PXi multifunction gel documentation; Syngene, Cambridge, UK).

Tumor samples

Paraffin-embedded biopsy or surgical samples from three pediatric patients, originally 

obtained for diagnostic purposes, were retrieved from the archives of the Division of Clinical 

Pathology of the Geneva University Hospitals. Patients’ characteristics are summarized in 

Table 1. The study has been accepted by the Ethics Committee of the Geneva University 

Hospitals.

Carnesecchi et al. Page 4

Free Radic Biol Med. Author manuscript; available in PMC 2020 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue sections (4 μm thick) were analyzed by 

immunohistochemistry using a mouse monoclonal antibody specific for NOX5 [25], ALK 

(Dako M7195), or CD30 (Ventana Medical Systems, Tucson, AZ, USA, 790–2926). 

Staining was performed using the automated Ventana Discovery system for NOX5 and ALK 

or Ventana BenchMark XT system for CD30 (Ventana Medical Systems). Ventana reagents 

were used for all procedures. Briefly, slides were heated with cell conditioning solution for 

36 min, for ALK and NOX5 antibodies, or for 64 min for CD30 (CC1; Tris-based buffer, pH 

8.4). Primary antibodies were used at a dilution of 1/1000 or 1/50 for NOX5 or ALK, 

respectively. CD30 was used according to the manufacturer’s instructions. Detection of 

primary antibodies was carried out using the amplified DAB detection kit based on the 

conversion of diaminobenzidine to a dye with multimeric horseradish peroxidase.

Data presentation and statistical analysis

Data are presented as means ± SEM. Statistical analysis was carried out using unpaired 

Student’s t test; p < 0.05 was considered significant.

Results

Distribution of NOX5 mRNA in human lymphoma cell lines

NOX5 mRNA was strongly expressed in three different ALK+ ALCL cell lines (SR-786, 

SUP-M2, and Karpas-299). Other lymphoma cell lines representing NHL (HDLM2, L428, 

L591) and Hodgkin-type lymphomas, including the T cell lymphoma CEM and Jurkat, the 

Burkitt lymphoma Raji, and the large-cell lymphoma IM9 cells, were devoid of NOX5 (Fig. 

1A). NOX5 is activated by Ca2+ binding through its EF-hand motifs situated in the N-

terminus of the molecule [19,26,27]. RT-PCR amplification of a 1796-bp part of the NOX5 

transcript containing the region of the four EF hands demonstrated the presence of this 

crucial activation domain of NOX5 in all ALCL cell lines (Fig. 1B). The N-terminal part of 

NOX5 can undergo alternative splicing giving rise to different isoforms. The isoforms with 

the highest expression levels are termed α and β and are present in lymphoid tissues and 

testis, respectively [19]. In line with their lymphoid origin, all three ALCL cell lines 

expressed the NOX5α isoform as demonstrated by RT-PCR analysis using isoform-specific 

primers (Fig. 1C). ALCL cells were devoid of NOX5β (data not shown).

Expression of NOX5 in ALK+ ALCL tumor samples

To examine the potential clinical role of NOX5 in ALCL development, we used 

immunohistochemical analysis to detect NOX5 in ALK+ ALCL pediatric tumor samples 

obtained at diagnosis, before therapy. The specificity of the NOX5 antibody has been 

demonstrated in a previous publication [25] and has been validated in the frame of this 

experiment, again using wild-type and NOX5-overexpressing HEK293 cells [19] (a 

generous gift from K.-H. Krause, University of Geneva, Geneva, Switzerland) and on uterine 

sections (Supplementary Fig. S1). Hematoxylin and eosin (HE) staining of the tumor 

samples revealed nodular infiltration with sheets of highly pleomorphic polygonal cells 

presenting large, vesicular, irregular, convoluted nuclei; variably prominent nucleoli; and 
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abundant eosinophilic cytoplasm. Occasional tumor cells showed a typical eccentric 

horseshoe-shaped nucleus. Mitoses and apoptotic bodies were numerous. Tumor cells were 

intermingled with plasma cells and small lymphocytes (Fig. 2; HE). Sections from all three 

tumors showed a large number of CD30 + cells with characteristic membranous and Golgi 

staining (Fig. 2; CD30). Patients 1 and 3 displayed strong and diffuse ALK staining, 

whereas reactivity was less intense in patient 2 (Fig. 2; ALK). Focal reactivity to T cell 

markers and EMA was also observed (see patients’ characteristics, Table 1). A t(2;5)

(p23;q35) (NPM1/ALK) translocation was found in patient 1; RT-PCR was not performed in 

the other two patients. Concerning NOX5, we observed faint but distinct staining in some of 

the tumor cells, with a nuclear signal in patient 1 and faint and focal cytoplasmic staining in 

patient 2. A minority of tumor cells showed barely discernible cytoplasmic staining in 

patient 3. In addition to tumor cells, plasma cells showed NOX5 cytoplasmic reactivity (Fig. 

2; NOX5).

NOX5 depletion hampers ROS production and increases apoptosis in Karpas-299 cells

To shed light on the potential involvement of NOX5 in a certain aspect of ALCL 

tumorigenesis, we applied siRNA-mediated gene knockdown in Karpas-299 cells and 

investigated its effect on superoxide generation, cell proliferation, and apoptosis. 

Transfection of NOX5-specific siRNA significantly decreased NOX5 mRNA and protein 

expression (Figs. 3A and B). In parallel, NOX5 depletion abrogated superoxide generation 

induced by the calcium-mobilizing agents ionomycin and thapsigargin as demonstrated by 

luminol assay (Figs. 3C–E). siRNA-mediated NOX5 knockdown led to a significant 

decrease in the number of viable cells after 24 and 48 h of transfection as measured by 

trypan blue exclusion assay (20 and 31.2% at 24 and 48 h, respectively; Fig. 4A). These 

results were confirmed by staining the cells with 7-AAD and analyzing them by 

fluorescence-activated cell sorting (FACS). Indeed, NOX5 depletion induced a significant 

decrease in viable cells and an increase in apoptotic cells after both 24 and 48 h of 

transfection (Figs. 4B and C). This finding was also sustained by enhanced activation 

(cleavage) of caspase 3, a major mediator of cell death [28]. In fact, after 48 h of NOX5-

specific siRNA transfection Karpas-299 cells displayed a threefold elevation in cleaved 

caspase 3 levels (Figs. 4D and E).

Pharmacological inhibition of NOX5 induces apoptosis in Karpas-299 cells

To confirm the antiapoptotic role of NOX5 implied by the siRNA-mediated gene knockdown 

experiments, we treated Karpas-299 cells with melittin, a calcium chelator and thus an 

inhibitor of NOX5 activity [27]. Melittin treatment (0.5, 2, and 3.5 µg/ml) led to a dose-

dependent increase in apoptosis at 2 and 3.5 µg/ml by 72 h of treatment accompanied by an 

induction of caspase 3 cleavage (Figs. 4E and F).

Discussion

In the present study we used both a genetic depletion approach and chemical inhibition to 

establish NOX5 as a key apoptosis suppressor in ALK+ ALCL cell lines in vitro and 

revealed that the antiapoptotic effect of NOX5 is mediated through the inhibition of caspase 

3 cleavage. In addition, using immunohistochemical analysis we demonstrated faint NOX5 
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expression in a subset of tumor cells in histological sections derived from pediatric ALK+ 

ALCL patients.

ALCL is an aggressive CD30-positive T or null cell NHL that was described 30 years ago by 

Stein et al. [3]. This lymphoid neoplasia is characterized by malignant cells displaying 

eccentric horseshoe- or kidney-shaped nuclei (hallmark cells). These hallmark cells 

frequently exhibit a chromosomal translocation involving the ALK gene resulting in the 

constitutive activation of ALK (ALK+ ALCL). In children, ALCL is almost exclusively 

ALK+, whereas in adults ALK+ ALCL represents only about 50% of ALCL cases [62].

In 75% of pediatric ALCL, the disease is already disseminated at diagnosis, with a high 

incidence of nodal and extranodal involvement (skin, lung, bone, and liver). In the past, a 

wide range of anthracycline based-chemotherapy strategies has been implemented; however, 

no improvement in the failure rate of 25–30% has been realized. Recurrent disease is 

frequently chemosensitive, and 50 to 75% of children with relapse can be cured with 

autologous or allogeneic hematopoietic stem cell transplantation. Unfortunately, these 

intensive treatments may be highly toxic with severe short- or long-term side effects 

(reviewed in [29]). It is obvious that new therapeutic strategies are required to improve the 

outcome of ALCL and to decrease toxicity. Indeed, currently, numerous clinical trials with 

anti-CD30 antibodies or ALK inhibitors are under way, with interesting preliminary results 

(reviewed in [29–31]). However, therapeutic responses to ALK-targeted drugs are limited by 

acquired drug resistance owing to novel mutations in the ALK gene or to activation of 

alternative proliferative signals during treatment [32,33]. Thus, significant research efforts 

are currently being devoted to the identification of novel therapeutic targets to inhibit other, 

additional antiapoptotic pathways and thus to induce a higher degree of tumor cell death 

[34]. Indeed, ALCL cells are characterized by a low apoptotic rate, and one of the perceived 

causes of therapeutic resistance is the survival and proliferation of residual tumor cells 

[6,23].

One of the major apoptosis-regulating factors is the production of ROS derived from various 

NOX enzymes [35]. Specifically, the NOX5 isoform has been linked to tumorigenesis and 

apoptosis inhibition in diverse types of cancer [17]. Our data reveal a highly specific 

expression of NOX5α, the lymphoid isoform of NOX5, in three different ALK+ ALCL cell 

lines. NOX5 is known to exist in five different isoforms, the most abundant being the α 
(lymphoid) and the β (testis) isoforms [17]. The two major isoforms have almost identical 

ROS-producing capacity, and currently no biochemical or physiological differences between 

them have been documented [36]. We applied immunohistochemical detection of NOX5 to 

identify NOX5-experssing cells in pediatric ALK+ ALCL biopsies. The pattern of 

immunohistochemical reactivity to NOX5 in pediatric ALK+ ALCL samples was faint and 

focal, displaying either a nuclear or a cytoplasmic reactivity. These results are in line with a 

recent study demonstrating the presence of NOX5 in the cytosol and/or the nucleus in renal 

proximal tubule cells derived from patients with hypertension, in leukemia cells, in 

endocardial and vascular endothelial cells, in vascular smooth muscle cells, and in prostate 

cancer cells [20,37–39]. The precise physiopathological significance of different NOX5 

intracellular localization is currently unknown. Nuclear ROS production might be involved 

in the modulation of mitogenic gene transcription, nuclear MAPK activation, and/or 
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nucleoplasmic calcium release from the nuclear T-tubule system [39]. The characterization 

of the importance of nuclear NOX5-derived superoxide production in these processes was 

out of the scope of the current study but will constitute a worthy topic for further 

investigations.

Signal intensity obtained in the ALK+ ALCL samples was insufficient to be considered as a 

diagnostic or prognostic aid in clinical practice. Developing novel, more robust NOX5 

antibodies will be required to resolve this technical issue and to obtain staining adequate for 

clinicopathological application. However, our investigations provided evidence for the 

presence of NOX5 protein in a subset of ALCL tumor cells, suggesting a role for NOX5 at 

defined steps in ALK+ ALCL tumorigenesis. The current study did not aim to unravel the 

precise mechanisms driving NOX5 expression/upregulation in these tumor cells; such 

studies will require a more thorough approach employing an extensive ALCL sample 

collection and more detailed methods, e.g., a comparative expression profile of tumors with 

different histopathological features, clinical staging, and outcome. Instead, to understand the 

underlying mechanisms that link NOX5 to ALCL tumorigenesis, we investigated the 

molecular signaling pathways modulated by NOX5-derived ROS in Karpas-299 cells, an 

ALK+ ALCL model cell line in vitro.

ROS have been demonstrated to foster tumorigenesis by stimulating antiapoptotic pathways 

[40,41]. In particular, apoptosis blockage through the oxidative inhibition of caspase 3 

cleavage is a crucial factor in ALCL tumor formation [22,42]. Caspase 3 is a cysteine 

protease that acts as the final executor of the apoptotic process for both intrinsic and 

extrinsic apoptotic signals. Caspase 3 is activated through the cleavage of the inactive 

procaspase into two molecules that will then associate to form a heterotetramer. The active 

site of this heterotetramer molecule possesses redox-sensitive cysteine and histidine residues 

[43–45]. Oxidation of these residues by ROS results in diminished caspase 3 apoptotic 

activity [46,47]. Concerning the sources of ROS, the mitochondria and NOX enzymes are 

the subjects of most investigations [35,48,49]. In addition, recent studies revealed a potential 

role for bioactive metabolites of lipoxygenase enzymes in tumorigenesis, more specifically 

in ALK+ ALCL development [50,51]. Current views of ROS generation in apoptosis 

regulation suggest a complex and vastly interconnected network between these three major 

cellular sources of ROS. Indeed, mitochondrial ROS can stimulate NOX activity, which in 

turn can regulate mitochondrial function through redox modification of mitochondrial 

proteins [52]. Of particular interest is that the proapoptotic function of mitochondrial 

cytochrome c, a major inducer of the caspase 3-mediated apoptotic cascade, is suppressed by 

ROS [53]. Lipoxygenase enzymes produce diverse types of bioactive lipid signaling 

molecules, e.g., leukotrienes that can induce ROS production by NOX enzymes and 

modulate their effects on apoptosis [54]. In ALCL cell lines in particular, inhibition of the 

leukotriene B4 receptor or treating cells with a lipoxygenase enzyme inhibitor led to 

enhanced caspase 3 cleavage and apoptosis [50,51]. Our results demonstrate that NOX5-

derived ROS play a key role in apoptosis suppression exerting effects through inhibition of 

caspase 3 cleavage. Whether, and how, NOX5-derived ROS may crosstalk with other cellular 

ROS sources is a worthy topic meriting further investigations in future experiments.
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NOX5 produces ROS in a Ca2+-dependent manner that is subject to regulation by protein 

kinase C- and MAPK-mediated phosphorylation to achieve Ca2+ sensitivity relevant to 

physiological intracellular calcium concentrations [19,27,55,56]. Ca2+-induced signaling 

events are key components in the control of cellular apoptosis [57]. Disturbed Ca2+ 

homeostasis in ALCL tumors is suggested by several lines of evidence. Indeed, the mutant 

ALK induces calcium mobilization from endoplasmic reticulum stores through constitutive 

activation of PLC-γ and the production of inositol triphosphate [6,12,58,59]. In addition, 

ALCL cell lines and tumors display upregulation of diverse calcium-binding proteins [60]. 

Our results demonstrated NOX5-dependent Ca2+-induced ROS production in Karpas-299 

cells. These data, taken together with the enhanced rate of apoptosis observed in NOX5-

depleted cells, suggest that NOX5 is a link between pathological Ca2+ release, ROS 

production, and apoptosis; hence, NOX5 may be a key facilitator of ALCL tumorigenesis.

Our study demonstrates the participation of NOX5 in ALK+ ALCL cell line apoptosis 

resistance in vitro and suggests its involvement in pediatric ALCL tumor pathogenesis in 

patients. Owing to the frequent onset of acquired resistance observed during ALK-targeted 

therapy, the identification of additional pharmacological targets still remains the topic of 

intensive research efforts [34,61]. In this respect, NOX5 may represent a novel and 

promising candidate for the development of a supplementary approach to treating ALK+ 

ALCLs, most notably those most challenging cases that are resistant to traditional 

therapeutic means.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Unique expression of NOX5 in ALCL cell lines. (A) RT-PCR was performed for NOX5 on 

cDNAs derived from various lymphoma cell lines: non-Hodgkin (NHL) and Hodgkin (HL) 

types including anaplastic large-cell lymphoma (ALCL), T cell lymphoma (TCL), Burkitt 

lymphoma (BL), and large-cell lymphoma (LCL) cells. The bottom shows β-actin as loading 

control. No cDNA denotes PCR without preceding reverse transcription step. Human tonsil 

(Tons) cDNA was used as positive control. SR, SR-786 cell line; SUP, SUP-M2 cell line; 

Karpas, Karpas-299 cell line. (B) Presence of the mRNA segment coding for the activation 

domain of NOX5 in ALCL cells. Human fetal thymus cDNA was used as positive control. 

EF, the calcium-binding EF-hand domain. (C) Expression of the NOX5α isoform in ALCL 

cells. Human spleen cDNA was used as positive and human testis cDNA as negative control.
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Fig. 2. 
Immunohistochemical detection of NOX5 expression in pediatric ALK+ ALCL tumor 

samples. Three pediatric ALK+ ALCL tumoral samples were stained with hematoxylin–

eosin or processed for immunohistochemical detection using CD30−, ALK−, or NOX5-

specific antibodies. Triangles denote plasma cells, arrows point to tumor cells. P1, P2, P3, 

patient 1, patient 2, patient 3. Original magnification, 400 × (HE, CD30, and ALK) or 600 × 

(NOX5), with insets showing additional positive tumor cells at higher magnification.
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Fig. 3. 
SiRNA-mediated NOX5 knockdown in Karpas-299 cells diminishes Ca2+-induced ROS 

production. Karpas-299 cells were transfected with NOX5-specific (siNOX5) or scrambled 

siRNA. Experiments (n = 4) were carried out in triplicate for each condition. (A) RT-PCR 

detection of NOX5 and β-actin mRNAs. A representative image is shown. (B) Western blot 

analysis (left) and quantification (right) of NOX5 protein levels in Karpas-299 cells. Graph 

represents protein levels expressed as the percentage of the scrambled siRNA-transfected 

cells. *p < 0.05, scrambled vs siNOX5 siRNA-transfected cells. (C) Ionomycin- and (D) 

thapsigargin-induced ROS production measured as luminol oxidation in siNOX5 or 

scrambled siRNA-transfected Karpas-299 cells. The graphs show the amount of ROS 

(RLU/5 × 105 cells/min) released by Karpas-299 cells after ionomycin or thapsigargin 

addition at the 0-min time point. A representative experiment is shown. (E) Quantification of 

maximal induction of superoxide generation upon ionomycin and thapsigargin stimulation 

expressed as the percentage of stimulation obtained in the scrambled siRNA-transfected 

cells. Data are shown as the mean ± SEM and were obtained from six independent 

experiments. ****p < 0.0001, scrambled vs scrambled-transfected cells stimulated with 

ionomycin or thapsigargin, #p < 0.01, scrambled vs siNOX5 siRNA-transfected cells after 

ionomycin or thapsigargin stimulation.
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Fig. 4. 
NOX5 depletion induces apoptosis. Karpas-299 cells were transfected with scrambled or 

NOX5-specific siRNA and were analyzed 24 and 48 h after transfection. (A) Number of live 

cells measured by trypan blue staining. *p < 0.05, scrambled vs siNOX5 siRNA-transfected 

cells; data are derived from four or five independent experiments. (B) Karpas-299 cells were 

stained with 7-AAD and apoptosis was determined by FACS analysis. Graph depicts live, 

apoptotic, and necrotic NOX5 siRNA-transfected cells expressed as a percentage of 

scrambled siRNA-transfected cells. Data are derived from four experiments, *p < 0.01 

determined by Student’s t test. (C) Representative FACS images of 7-AAD-stained 

scrambled and NOX5-specific siRNA-transfected cells after 24 and 48 h of transfection. 

Values marked are the percentage of cells in necrotic and apoptotic phase or alive (from top 

to bottom). (D) Western blot detection of NOX5 and cleaved caspase 3 in scrambled or 

NOX5-specific siRNA-transfected Karpas-299 48 h after transfection. β-Actin was used as 

loading control. Graph depicts quantification of cleaved caspase 3 levels in siNOX5-
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transfected Karpas-299 cells relative to levels in scrambled siRNA-transfected cells. *p < 

0.01 determined by Student’s t test. (E) Apoptosis upon melittin treatment. Graph depicts 

the live and apoptotic Karpas-299 cells determined by trypan blue exclusion upon treatment 

with 0.5, 2, and 3.5 μg/ml melittin after 72 h of treatment. Data are expressed as the 

percentage of control, DMSO-treated cells and are derived from two or three independent 

experiments conducted in triplicate for each condition. *p < 0.05 and ***p < 0.001, 2 and 

3.5 μg/ml melittin vs DMSO-treated cells, respectively. (F) Detection and quantification of 

caspase 3 cleavage upon melittin treatment. Data are expressed as the mean ± SEM 

compared to DMSO-treated control cells. AU, arbitrary unit. ****p < 0.0001, melittin- vs 

DMSO-treated cells; ####p < 0.0001, 3.5 vs 2 μg/ml melittin-treated cells.
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