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Abstract

We investigated the mechanism of H,0, activation of the Ca2*-regulated NADPH oxidase NOXS5.
H,0, induced a transient, dose-dependent increase in superoxide production in K562 cells expressing
NOXG5. Confocal studies demonstrated that the initial calcium influx generated by H,O, is amplified
by a feedback mechanism involving NOX5-dependent superoxide production and H,0O,. HyO5-
NOXS5 activation was inhibited by extracellular Ca2+ chelators, a pharmacological inhibitor of c-
Abl, and over-expression of kinase-dead c-Abl.

Transfected kinase-active GFP-c-Abl co-localized with vesicular sites of superoxide production in
a CaZ*-dependent manner. In contrast to H,05, the Ca2+ ionophore ionomycin induced NOX5
activity independently of c-Abl. Immunoprecipitation of cell lysates revealed that active GFP-c-Abl
formed oligomers with endogenous c-Abl and that phosphorylation of both proteins was increased
by H,0, treatment. Furthermore, H,O,-induced NOX5 activity correlated with increased
localization of c-Abl to the membrane fraction, and NOX5 proteins could be co-immunoprecipitated
with GFP-ADI proteins.

Our data demonstrate for the first time that NOX5 is activated by c-Abl through a Ca*-mediated,
redox-dependent signaling pathway and suggest a functional association between NOX5 NADPH
oxidase and c-Abl.
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Introduction

Reactive oxygen species (ROS) are now recognized as physiologically relevant mediators of
both host defense and cell signaling. There is growing evidence that the transient production
of hydrogen peroxide (H,O,) is an important signaling event triggered by the interaction of a
variety of cell surface receptors with their ligands [1-7] and that NADPH oxidases (NOX) are
prominent sources of receptor-activated H,O5 [8].

NADPH oxidases reduce molecular oxygen to superoxide, which undergoes dismutation,
either spontaneously or catalytically, to form H,O,. Seven members of the NOX gene family
have been identified [9-11], each with characteristic tissue distribution, putative function, and
regulation. All members share common structural characteristics, including six hydrophobic
transmembrane domains, conserved motifs in the cytoplasmic domains involved in NADPH
and FAD binding, and two heme moieties, which are localized to the intra-membranous domain
[9-11]. In addition to these common features, NADPH oxidase 5 (NOX5) contains an N-
terminal extension with four Ca2*-binding EF hand domains [12]. While NOX1, NOX2 and
NOX3 require cytosolic subunits and co-factors to display full activity, it appears that NOX5
can be activated by Ca2* alone [13].

Since H,0,, affects many proteins potentially involved in the regulation of NADPH oxidase
activity [14,15], we hypothesized that it may regulate its own production by stimulating NOX
activity. Such a positive feedback mechanism, in either autocrine or paracrine mode, might
amplify the receptor response to its specific ligand by enhancing recruitment of signaling
intermediates. Such regulation has been recently described for NOX2 in interleukin 1 signaling
[16]. Here we report for the first time activation of NOX5 by H,0, through a novel pathway
featuring Ca2*-mediated redox-dependent regulation of the non-receptor tyrosine kinase c-Abl.

Experimental Procedures

Cell culture and stable expression of NOX5 and Abl proteins in K562 cells

K562 human leukemia cells were grown in RPMI medium supplemented with 10% fetal bovine
serum, plus 100 U/ml penicillin and 100 pg/ml streptomycin. Cells in the logarithmic phase
of growth were transfected with expression vectors as described previously [17] and stable
expressing clones selected in the appropriate antibiotic. Single cell clones were established by
limiting dilution in 96-well plates. The human NOX5B cDNA cloned into pGEX-2T vector
and the HEK?293 cell line stably expressing the NOX5 protein were kindly provided by Botond
Banfi, University of lowa. [12]. NOXS5 subcloned in pcDNA3.1 and pRep4 were used to
generate stable NOX5-expressing K562 cells. The pcDNA 3.1 expression vector encoding the
GFP-tagged wild-type Abl (full-length, isoform Ib, GFP-c-Abl) and the GFP-tagged kinase-
dead (KD) K290R mutant of c-Abl (GFP-KD-c-Abl) were kindly provided by Z.-M. Yuan,
Harvard School of Public Health [18]. NOX5 protein was detected by immunoblot using a
rabbit polyclonal NOX5 antibody raised against a fusion protein containing the EF hand
domain (amino acids 1-169). Expression of GFP-c-Abl and GFP-KD-c-Abl was documented
by fluorescence microscopy. For experiments with GFP-c-Abl or GFP-KD-c-Abl, K562 cells
stably expressing these proteins were transfected with NOX5B/pREP4 and selected in
hygromycin (400 pg/ml).

Cell Treatment

K562 cells were treated for 30 minutes at 37°C with either vehicle or inhibitors of PI13-kinase
(10 uM LY294002, Calbiochem), src family kinases (10 uM Genistein, Sigma), protein
phosphatases (1 mM sodium orthovanadate, Sigma), SERCA Ca?* pumps (100 nM
thapsigargin, EMD Bioscience). Overnight treatment was used for the c-Abl tyrosine kinase
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inhibitor imatinib mesylate (10 uM, Novartis Pharma AG, Basel, Switzerland). In Ca2*
chelation studies, cells were suspended in PBS-G (phosphate buffered saline with 10 mM
glucose) supplemented with BAPTA (50 uM) for 5 minutes, followed by washing in PBS-G
or PBS-G containing BAPTA, and stimulation with 100 pM H»O, for 10 minutes at 37°C. The
vehicles used in the pharmacological studies, DMSO and ethanol, had no effect on superoxide
production (Supplement Figure 1).

Subcellular fractionation

Cell lysis was carried out in buffer A (20 mM HEPES, pH 7.9; 350 mM NaCl; 0.5 mM EDTA,
0.5 mM EGTA; 1 mM MgCl,; 10% glycerol; 1% Nonidet P-40; 10 mM NaF; 0.1 mM
NazVaOy [orthovanadate], 8 mM B-glycerophosphate; phosphatase inhibitor cocktail I and 11
[Sigma]; and protease inhibitor cocktail [Roche, Mannheim, Germany]). Lysates were cleared
by centrifugation and, where indicated, the protein extracts were centrifuged at 100,000 g for
1 hour to separate the crude membranes from the cytosolic proteins. Protein content was
estimated as described [19].

Superoxide assay on whole cells

Superoxide generation was measured using a luminol-based chemiluminescence assay
(Diogenes). Cells were collected by centrifugation, washed once in PBS, resuspended at 5 x
108/ml in PBS-G, and kept on ice until assayed. For the assay, a 100 ul aliquot of the Diogenes
reagent was mixed with a maximum of 0.5 x 106 cells and incubated at 37°C for 2—4 minutes.
Superoxide generation was stimulated with H,O, (100 pM) or ionomycin (100 nM).
Chemiluminescence was measured every 30—60 seconds for up to 10 minutes using a Turner
Designs 20/20 luminometer and an integration time of 5 seconds. The conditions used for the
superoxide assay are within the linear range of detection as shown in Supplement Figure 2.

Superoxide assay on crude membrane preparation

Reaction mixtures contained 0.2X PBS, pH 7.5, 10 uM FAD, 0.3 mM BAPTA, 0.3mM EDTA,
0.3 mM nitrilotriacetic acid, 1 mM MgCly, 5.5 uM phosphatidic acid (1,2 didecanoyl-sn-
glycerol-3-phosphate, Sigma), 0.65 mM CaCls, (corresponding to an estimated free Ca2*
concentration of 47 uM using the WEBMAXC STANDARD software), 0 or 400 units/ml
superoxide dismutase (SOD from bovine erythrocytes, Sigma), and 50 to 100 ug/ml of
membrane protein. Superoxide production was initiated by the addition of 200 uM NADPH
and quantitated using the Diogenes reagent when H,O, was added to the reaction mixture. In
the pabsence of H,O5, the superoxide production was also determined by the SOD-inhibitable
reduction of cytochrome c (100 uM) and absolute amounts calculated using Ae550 = 21,000
M~1 cm ~1 as extinction coefficient of the reduced cytochrome [20]. Average rates of
superoxide generation were calculated from the linear region of the absorbance curve and
expressed as pmol of O,""/minute/mg of membrane protein.

Immunoprecipitation and immunoblot analysis

Total cell extracts prepared in buffer A (250 ug of protein) were pre-cleared with rabbit 1I9G
and protein A/G -Agarose (Santa Cruz), incubated overnight with anti-GFP antibody
(Molecular Probes), and precipitated with protein A/G-Agarose for an additional 3 hours. The
immune complexes were washed with lysis buffer, separated on 4-20% SDS polyacrylamide
gradient gels and transferred to polyvinylidene difluoride (PVDF) membranes. The filters were
incubated monoclonal anti-c-Abl antibody (clone ABL-148, Sigma), anti-phosphotyrosine
(clone 4G10; Upstate/Millipore) or with the rabbit polyclonal NOX5 antibody described above.
In some immunoblots, antibody to protein disulfide isomerase (PDI, EMD Biosciences) was
used as a loading control. The antigen-antibody complexes were visualized by enhanced
chemiluminescence (ECL, Amersham Corp.).
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Difference spectroscopy

Membrane fractions collected by ultracentrifugation of cell lysates at 100,000 g for 1 hour were
resuspended in PBS consisting of 2.7 mM KCI, 136.7 mM NaCl, 1.5 mM KH,POy,, and 8.1
mM NayHPOy4, pH 7.4, supplemented with a cocktail of protease inhibitors (Roche) and 1 mM
EDTA. The difference spectra of dithionite reduced minus oxidized samples were recorded at
room temperature for membranes isolated from either K562 cells or K562 cells expressing
NOX5 [21].

Live Cell Imaging

K562 cells were washed x3 in PBS-G and plated on poly L-lysine-coated glass coverslips for
60 minutes (3 x 10° cells/ml) in complete RPMI medium without phenol red. Where indicated,
the cells were loaded with 6 uM fluo4-AM (Molecular Probes) for 15 minutes and washed x3
in PBS-G to remove free probe. The cells were then incubated in complete medium
supplemented with 10 mM HEPES without phenol red for an additional 15 minutes at 37°C to
allow de-esterification of the probe. At 15 minutes before imaging, the cells were incubated
with 300 nM hydroethidine (HE) (Molecular Probes). Ca2* influx and superoxide production
were recorded as indicated in the figure legends. For the detection and localization of GFP-
tagged Abl proteins the same procedure was used, except that no fluo4-AM was added. For
HEK293 cells expressing NOX5 (HEK/NOX5) the same loading protocol with the fluorescent
probes was used. Live cell imaging was performed using a confocal microscope (LSM 510;
Carl Zeiss Microlmaging, Inc.) with a 63X/1.4 NA plan-apochromat objective. Fluo-4 or GFP
and HE fluorescence were excited with an Argon laser (488 nm) attenuated to avoid
photobleaching and saturation. Simultaneous detection was through a 545 nm long-pass
dichroic mirror and a band-pass filter at 500-530 for fluo-4 or GFP fluorescence and LP560
for HE fluorescence. Image acquisition of the fluorescence intensity was performed with the
Zeiss LSM510 Software 3.2 SP2. The pinhole was opened to 1 Airy unit and time lapse images
were collected at 20 second intervals for up to 30 minutes. Similar experiments were performed
using dual excitation at 488/543nm. Results using the single excitation at 488 or the dual
excitation 488/543nm gave the same pattern of results. Intensity measurements of the
fluorescent signals were analyzed using ImageJ software.

Statistical analysis

Results

Data are presented as the mean + SEM of the values and were normalized to controls. Statistical
analysis was performed using mainly the Dunnett multiple comparisons test to adjust for
multiple testing when comparing several means against the mean for acommon control sample.
The Tukey multiple comparison procedure was used to adjust for multiple testing other pair-
wise comparisons among several means. A value for P < 0.05 was accepted as significant.

Hydrogen peroxide induces NOX5 activity

To study the effect of H,O, on NOXG5 activity, we used K562 human myeloid cells ectopically
expressing the NOX5 protein (K562/NOX5 cells). Immunoblotting with NOX5 antibody
demonstrated a band of ~75kDa in the crude membranes of K562/NOXS5 cells, but not the
K562 parental line (Fig. 1A).

The luminol-based chemiluminescence assay (Diogenes® reagent) was used to measure the
effect of H,O, on NOXS5 activity, since this reagent selectively detects superoxide anion. We
confirmed that this reagent does not react with HoO5 by testing the effect of H,0O, addition on
the generation of superoxide by the xanthine-xanthine oxidase reaction (Supplement Fig. 3).
H»0, at the concentrations used in this study (100 uM), had no effect on the measured output
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of this system. Furthermore, the addition of H,O, at these concentrations had no effect on the
very low levels of chemiluminescence generated by the parental K562 cells (Fig. 1B, 1C),
suggesting that the superoxide generated in K562/NOXS5 cells in response to H,O5 is primarily
dependent on the NOX5 protein (Fig. 1D, E, F). Furthermore, all chemiluminescence detected
by the Diogenes® reagent was abrogated by the addition of superoxide dismutase (SOD)
(Supplement Fig. 3), indicating that generation of superoxide anion was being specifically
detected.

In K5662/NOX5 cells, HoO, induced a marked burst in superoxide production, with maximal
activity observed 5-10 minutes after peroxide addition (Fig. 1D). This induction of NOX5-
dependent superoxide production was dose-dependent with a 10 to 20-fold increase exhibited
at 100 uM H,0O, (Fig. 1E). Under these conditions, no detectable effect on cell viability was
observed using the trypan blue exclusion assay (data not shown). The response to H,O, was
completely abrogated by the addition of catalase (Fig. 1F).

H,0, does not activate NOX5 NADPH oxidase by a direct effect on NOX5 protein

Since NOXS5 functions independently of cytosolic co-factor proteins [13], we were able to
investigate whether H,0O, directly stimulated NOXS5 by using membranes prepared from
NOX5-expressing K562 cells. To detect the presence of NOX5, we compared the absorption
spectra of dithionite-reduced versus oxidized membranes prepared from parental K562 and
K562/NOX5 cells. Absorbance peaks at 425 and 558 nm, characteristic of cytochrome bssg,
were observed only in the membranes of the K562/NOXS5 cells (Fig. 2A).

Using the chemiluminescence assay, no superoxide production was detected in control K562
membranes in the presence of Ca?* and NADPH (Fig. 2B). On the other hand, membranes
from K562/NOX5 cells exhibited a robust chemiluminescent response that was dependent on
both Ca?* and NADPH, but inhibited by either SOD or diphenylene iodonium (DPI). The
response was not inhibited by azide (Fig. 2B), a hallmark of NOX proteins [22]. The effect of
H,0, was tested in the presence of various concentrations of free Ca?* [0-800pM]. In contrast
to the effect on intact cells and for all free Ca2* concentrations tested, 100 uM H,0, did not
stimulate superoxide production in the K562/NOX5 membranes (Fig. 2C). These results
suggestthat the H,O,-induced superoxide generation observed in intact K562/NOX5 cells is
unlikely due to a direct effect of HyO, on the NOXS5 protein per se.

Role of Ca?* signaling and tyrosine kinases in H,O»-NOXS5 regulation

Since Hy05 is reported to regulate a broad range of signaling proteins [23,24], we next studied
the effect of inhibitors of various signaling pathways on the activation of NOX5-dependent
superoxide production. Inhibitors of MEK1/2 (U0126), protein kinase A (H89), and
phospholipase A, did not block the induction of NOX5 activity by H,O5 (data not shown), nor
did inhibitors of phosphatidyl inositol 3-kinase (LY294002) and protein phosphatases
(orthovanadate) (Fig. 3). We then investigated pathways involving Ca%*, the major activator
of NOXS5, and tyrosine kinases, which have been reported to be involved in H,0O, signaling
[1,5]. K562/NOXS5 cells were pre-treated with either genistein, an inhibitor of the src family
tyrosine kinases, imatinib mesylate, an inhibitor of Abl tyrosine kinase, thapsigargin, an
inhibitor of sarco-endoplasmic reticulum Ca2*-ATPase (SERCA), or with the extracellular
Ca?* chelator BAPTA, and then assayed for superoxide production (Fig. 3). H,0,-induced
NOX5-dependent superoxide production was inhibited by the addition of BAPTA to the
extracellular medium, but not by pretreatment with thapsigargin, which depletes endoplasmic
reticulum Ca2* stores and increases cytoplasmic Ca?* (Fig. 3). However, in thapsigargin-
treated cells, we did observe an increase of both basal and HoO»-stimulated NOX5-dependent
superoxide production. These results suggest overall that influx of CaZ* from the extracellular
milieu, rather than from intracellular stores, is involved in H,O, regulation of NOX5.
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Furthermore, both the general src tyrosine kinase inhibitor, genistein, and the selective c-Abl
inhibitor imatinib mesylate inhibited NOXS5 stimulation by H,0, (Fig. 3). We concluded from
these studies that H,O5-induced NOX5-dependent superoxide production is mediated through
pathways involving calcium influx and tyrosine kinase activity. Since the regulation of NOX5
by calcium is well documented, our subsequent studies were focused on the potential role and
mechanism of activation of NOX5 by Abl tyrosine kinase.

A role for c-Abl in HoOo-mediated NOX5 activation

K562 cells express both native c-Abl and Bcr-Abl, the product of the t(9;22)(q34;q11)
translocation fusing BCR gene sequences to the ABL proto-oncogene. Depending on where in
the BCR locus the breakpoint occurs, either a 190 or a 210 kDa chimeric Bcr/Abl oncoprotein
is produced. N-terminal Bcr sequences are directly responsible for the activation of the Abl
tyrosine kinase in the chimeric Bcr/Abl gene products [25]. Ber-Abl and c-Abl are both
inhibited by imatinib mesylate [26]. Therefore, to define the specific role of c-Abl tyrosine
kinase in HoO»-NOX5 activation, we used K562 cell lines stably over-expressing either GFP-
tagged wild-type c-Abl (GFP-c-Abl), or GFP-tagged kinase-dead c-Abl (GFP-KD-c-Abl).
Over-expression of GFP-c-Abl significantly enhanced both basal and H,O,-induced activity
of NOX5 (Fig. 4A). In contrast, over-expression of the inactive GFP-KD-c-Abl had little effect
on the basal activity of NOXS5, but markedly inhibited the response to H,O, (Fig. 4A).
Furthermore, in Ber-Abl-negative HEK cells stably expressing the NOX5 protein (Supplement
Fig. 4), and transiently transfected with either control vector or the vectors encoding GFP-c-
Abl or GFP-KD-c-Abl, the stimulation of NOX5 by H,0, was also inhibited by kinase-dead,
but not wild type c-Abl (Fig. 4B). Together with the previous data, these results strongly suggest
that c-Abl is an important mediator of H,O5-induced NOX5 activity.

Amplification of HO,-dependent Ca2+ influx by H,O»-dependent NOX5 activation

The role of Ca%* and c-Abl in H,0,-NOX5 regulation was further investigated by confocal
microscopy. To image cytosolic Ca?* responses and superoxide production during H,O»
exposure, K562/NOX5 or K562 cells were loaded with the red fluorescent superoxide indicator
hydroethidine (HE) and the Ca2* indicator dye fluo4-AM. Control K562 cells stimulated by
H»0, or unstimulated K562/NOX5 cells both generated only low diffuse red fluorescence over
time, suggesting a low level of superoxide production induced by the light excitation itself
(Fig. 5B). When K562/NOX5 cells were exposed to H,O, the emission of red fluorescence
was significantly increased (Fig. 5A and B). Red fluorescence signals were detected at the
plasma membrane and in discrete intracellular vesicles networking with the plasma membrane,
and signals in both sites were abrogated by SOD and DPI (Fig. 5A), indicating that NOX5-
dependent superoxide production was induced by H,O5 treatment.

Ca?*-dependent fluo-4 fluorescence was observed in the cytoplasmic compartment, as well as
in the vesicular sites of NOX5 superoxide production. Accumulation of dyes in cellular
compartments is known to occur under some loading conditions, especially over prolonged
periods [27]. In fact, an increased number of vesicles containing the fluo-4 dye were seen in
both HEK/NOX5 cells (Fig. 5C) and K562/NOXS5 cells (data not shown) as the time of
incubation with the probe increased. The kinetics observed for the calcium influx appear to be
multiphasic (Fig. 5B). An initial phase in response to H,O5 stimulation (0 to ~300 seconds)
was observed in both K562 and K562/NOXS5 cells. This initial calcium influx decayed rapidly
in the K562 cells. In contrast, the calcium influx in the K562/NOXS5 cells was dramatically
increased over the same time period. This later phase of the calcium influx (~300-800 seconds)
appeared to be dependent on the production of superoxide by NOXS5, since it was only observed
in stimulated K562/NOX5 cells and was significantly reduced by DPI and SOD (Fig. 5A).
Since exogenous SOD is restricted to the extracellular medium, our results suggest that i) the
early events leading to superoxide production occurred at the plasma membrane level, and ii)
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superoxide itself is involved in the H,O5 signaling described. As expected, the addition of
BAPTA to the extracellular medium profoundly reduced the effect of H,O, on the fluorescence
resulting from both Ca2* influx and superoxide production. These results suggest coordination
between calcium influx and superoxide production leading to an amplification loop system (cf.
model Fig. 9). HEK/NOXG5 cells demonstrated the same pattern as K562/NOXS5 cells (Fig. 5C),
except that both events took place at a slower rate.

Ca?*-dependent relocalization of c-Abl is involved in H,0,-NOX5 activation

Since c-Abl was required for NOX5 activation by H,O,, we investigated the effect of H,O,
on the localization of c-Abl and superoxide production. In unstimulated cells, the GFP-tagged
Abl proteins were mainly localized to the cytoplasmic compartment. However, following
treatment with H,O, for 10 minutes, the active GFP-c-Abl protein was redistributed into small
vesicles, where a red signal, corresponding to superoxide production, was also observed (Fig.
6A, left panels). In the presence of 50 uM BAPTA, superoxide production and the redistribution
of c-Abl were effectively abolished. In cells treated with imatinib or over-expressing the
inactive GFP-KD-c-Abl, neither superoxide production nor c-Abl relocalization into vesicles
was observed after treatment with H,O5 (Fig. 6A, right panels). These results suggest that
H,0,-induced NOXS5 activation involves the relocalization of c-Abl from the cytosolic
compartment to the vesicles. This relocalization is dependent on both calcium influx and
functional c-Abl. Interestingly, although the GFP-KD-c-Abl/NOX5 K562 cells were
unresponsive to 100 uM H,0»; they still produced superoxide following treatment with the
Ca2+ ionophore ionomycin (Fig. 6B) or with 10- to 100-fold higher concentration of H,O,
(Supplement Fig. 5). The level of superoxide detected was, however, higher in ionomycin-
treated cells than in cells treated with 10mM H,0,. Furthermore, using the Diogenes reagent
we observed that NOX5-dependent superoxide production induced by ionomycin was
unaffected by 100 uM H,0O, treatment and/or the over-expression of wild-type or kinase-dead
c-Abl (Fig. 6C). These results indicate that NOXS5 is activated directly by high fluxes of
Ca%* in a c-Abl-independent manner, whereas regulation of NOX5 by 100 uM H,05 requires
aCa2*/c-Abl pathway. To our knowledge, this is the first description of a regulatory mechanism
involving Ca%*-dependent subcellular redistribution of c-Abl.

Tyrosine phosphorylation of c-Abl is a prerequisite for NOX5 regulation by H>0»

Since H,05, has been reported to increase c-Abl tyrosine phosphorylation, thereby activating
its tyrosine kinase activity [28,29], we investigated whether the Abl proteins in K562 cells
were phosphorylated following H,O, treatment. K562 cells expressing GFP-tagged Abl
protein were pre-incubated with or without H,O,, and cell lysates were immunoprecipitated
with anti-GFP antibodies and then immunoblotted with antibodies to phosphotyrosine and to
c-Abl (Fig. 7). With the c-Abl antibodies (Fig. 7A), two bands were detected. These bands,
which were not detectable in immunoprecipitates of K562 cells expressing only NOXS5 protein,
corresponded by molecular mass to the GFP-tagged Abl proteins (~160 kDa) and endogenous
c-Abl (~130 kDa). The endogenous c-Abl protein was very prominent in the GFP-
immunoprecipitates of cells over-expressing GFP-c-Abl, whereas it was found in only trace
amounts in cells over-expressing GFP-KD-c-Abl. These results are consistent with earlier
reports showing the oligomerization of over-expressed c-Abl proteins in COS cells [30]. This
oligomerization exhibited variable stoichiometry, since the ratio of GFP-c-Abl protein/
endogenous c-Abl ranged from about 1:2 to 1:5, depending of the experiment. This result does
not reflect an increased expression of endogenous c-Abl in K562/NOX5 cells over-expressing
the GFP-tagged proteins (Supplement Fig. 4). Interestingly, we did not detect a co-
immunoprecipitating band corresponding to Ber-Abl (210 kDa), which is the dominant Abl
species in K562 cells, as shown in Supplement Figure 4. This result strongly suggests that the
interaction with GFP-c-Abl was specific for endogenous c-Abl. In cells transfected with GFP-
c-Abl, H,0, increased tyrosine phosphorylation of both endogenous and GFP-tagged c-Abl.
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In contrast, in cells over-expressing GFP-KD-c-Abl, the small amount of tyrosine
phosphorylated GFP-KD-c-Abl observed was not regulated by H,O,, nor was tyrosine-
phosphorylated endogenous c-Abl detected (Fig. 7A).

Interestingly, neither c-Abl tyrosine phosphorylation nor the co-immunoprecipitation of GFP-
c-Abl with endogenous c-Abl was affected by BAPTA (Fig. 7B). Together with the confocal
microscopy experiments, these immunoblotting studies suggest that H,O, regulates c-Abl in
a complex manner involving tyrosine phosphorylation, oligomerization, and redistribution of
Abl protein to a specific membrane compartment. In this process, oligomerization and tyrosine-
phosphorylation of Abl proteins requires an active kinase domain, but is independent of
Ca?*. Thus, Ca?* appears to be selectively involved in the subcellular redistribution of kinase-
active Abl proteins to the proper membrane compartment.

c-Abl interacts functionally with NOX5

To investigate whether c-Abl interacts functionally with NOX5, we measured NOX5 activity
in crude membrane preparations from cells over-expressing wild-type or kinase-dead GFP-c-
Abl. First, we analyzed whether Abl proteins were interacting with NOX5 proteins by
performing a co-immunoprecipitation experiment. NOX5 protein was found in GFP-
immunoprecipitates from lysate of K562/NOXS5 cells over-expressing GFP-c-Abl (Fig. 8A,
8B), as well as in c-Abl immunoprecipitates from HEK/NOXS5 cells (Fig. 8C). In contrast,
NOXS5 protein was not found in c-Abl immunoprecipitates from lysates of non-transfected
HEK cells (Fig. 8C). Furthermore in the K562/NOXS5 cells, the amount of NOX5 protein was
considerably higher in cells that over-expressed the active GFP-c-Abl, as compared with GFP-
KD-c-Abl-over-expressing cells (Fig. 8A, 8B). More importantly, the NOXS5 content of the
GFP-immunoprecipitates was increased by H,O,-treatment of K562/NOX5 cells over-
expressing GFP-c-Abl (Fig. 8A, 8B).

Next we sought evidence for the presence of Abl and NOXS5 proteins in the membrane fractions
(Fig. 8D, 8E, 8F). NOX5, GFP-c-Abl and endogenous c-Abl were all detected in membranes
of K562/NOX5 cells over-expressing GFP-c-Abl. H,O5 treatment increased the level of tagged
GFP-c-Abl, as well as endogenous c-Abl, recovered in the membrane fractions. In cells over-
expressing GFP-KD-c-Abl however, endogenous c-Abl was not detected in membrane
fractions, although NOX5 was present. Furthermore, the level of GFP-KD-Abl was not
significantly affected by H,O5 treatment.

NOXS5 activity determined by the cytochrome c¢ reduction assay was increased ~1.5-fold in
membrane fractions prepared from K562/NOX5 cells that were pretreated with H,O5 as
compared with cells incubated without H,O, (Fig. 8G). An even greater effect of H,O»
pretreatment was observed in membranes isolated from K562/NOX5 cells expressing GFP-c-
Abl (~2.5-fold increase), whereas no effect of H,O, was observed in membranes isolated from
K562/NOX5 cells expressing kinase dead GFP-c-Abl. In addition, higher basal activity was
observed in membranes containing the over-expressed wild-type GFP-c-Abl (average
superoxide production ~4 nmol/min/mg of protein). These results suggest that activated,
membrane-associated c-Abl oligomers interact with NOX5 to enhance its activity.

Discussion

Here we report that H,O, positively regulates NOX5 activity by c-Abl through a Ca?*-
mediated, redox-dependent signaling pathway and suggest a functional association between
NOXS5 and c-Abl. H,O, stimulation of NOX5 was blocked by imatinib mesylate, an inhibitor
of c-Abl tyrosine kinase, and by genistein, an inhibitor of Src tyrosine kinases, known activators
of c-Abl [31,32]. However, in K562/NOXS5 cells the over-expression of a constitutively active
or inactive mutant of Src did not affect the regulation of NOX5 by H,0», suggesting that Src
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is not an upstream regulator of c-Abl. The effect of genistein might be the result of its unspecific
action on other tyrosine kinases or c-Abl itself, since this inhibitor is known to be a broad
tyrosine kinase inhibitor (Supplement Fig. 6). Although c-Abl can regulate the small GTPase
Racl [33-35], we found that NOXS5 activation by H,O, was not mediated by this pathway
(data not shown).

Imatinib mesylate inhibits Bcr-Abl, as well as c-Abl [26], both of which are expressed in K562
cells. In Ber-Abl the N-terminal Ber sequences are directly responsible for a constitutively
active Abl tyrosine kinase [25]. Therefore, one might expect an effect of Bcr-Abl on the basal
activity of NOX5 over-expressed in K562 cells. However, this was not the case. Our data
suggest a more prominent role for c-Abl versus BCR-Abl, since in K562/NOX5 cells, over-
expression of GFP-AbI increased basal superoxide-generating activity, but still allowed
stimulation by HyO5 of ~3-fold. The smaller relative increase in NOX5 activity by H,O, in
these cells compared with K562/NOX5 cells that do not express GFP-c-Abl, may be due to
saturation of the NOX5 system and/or to an enhanced level of activated c-Abl in the basal state.
Indeed, the biochemical study shown in Fig. 7B demonstrates this latter point in that control
cells (i.e. no HyO») over-expressing c-Abl exhibited a very prominent band of activated c-Abl.
Moreover, the extent of c-Abl activation in these cells by H,O, exposure was about 2.7-fold,
mirroring very closely the superoxide result shown in Fig. 4A. These results are consistent
with studies showing that c-Abl is activated by H,O5 [29] and can induce an increase in ROS
production when over-expressed in hematopoietic cells [3]. In contrast, the over-expression of
KD-c-Abl abrogated the effect of H,O». Furthermore, in the Ber-Abl-negative HEK cells
transiently transfected with either the GFP-c-Abl or GFP-KD-c-Abl protein, a similar effect
of H,0, was observed, although the relative stimulation of NOX5 activity by H,O, in HEK
cells was less pronounced than in K562 cells. This was perhaps due to differences in expression
levels of NOX5 and/or antioxidant protein expression levels (e.g. catalase, SOD,
peroxiredoxin, glutathione peroxidase), thereby affecting the H,O, amplification loop
potential. In accord with this hypothesis, an immunoblot experiment performed on whole cell
lysates showed a lower level of NOX5 and a higher level of catalase in HEK/NOXS5 cells
compared with K562/NOX5 cells (data not shown). Collectively, these results demonstrate
that c-Abl protein is a required intermediate for H,O5 stimulation of NOX5 NADPH oxidase.

Our confocal imaging studies provide spatial and temporal data on the events leading to
superoxide formation in response to H,O». Red fluorescence corresponding to superoxide
production was observed near the plasma membrane, as well as in cytoplasmic vesicles. The
fact that SOD abrogated the red fluorescence throughout the cell suggests that the initial events
in this pathway most likely occur at the plasma membrane. These observations are consistent
with the data obtained with the Diogenes reagent using whole cells, since only extracellular
superoxide is detected with this assay. The fact that we did not detect red fluorescence outside
the cell near the plasma membrane is probably due to rapid diffusion and subsequent dilution
of superoxide in the medium. These results suggest that vesicular trafficking allows plasma
membrane components to network within the cell. In accordance with this suggestion, previous
reports show the presence of NOXS5 protein at both the plasma membrane and the endoplasmic
reticulum [36,37]. Furthermore, similar to our results showing compartmentalization of
superoxide, Liand colleagues demonstrated that superoxide produced by NOX2 was generated
in endosomes [16].

Since NOXG5 is activated by the binding of Ca2* to its N-terminal EF hand domains, we
investigated whether Ca2* was required for NOXS5 activation by H,0,. Studies with the Ca2
+ chelator BAPTA showed that H,0, stimulated an influx of Ca2* from the extracellular
medium, and this, rather than release of intracellular Ca2* stores, was responsible for NOX5
activation Interestingly, DPI and SOD reduced Ca2* entry induced by H,0,, indicating a role
for superoxide generation in H,O5 signaling. Kinetic studies suggested that the initial phase
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of Ca2* influx was mediated predominantly by exogenous H,0,, whereas the subsequent phase
required superoxide generated by early NOX5 activity. Regulation of Ca2* influx by ROS has
been previously observed [38-40]. However, whether the CaZ* influx is the result of a reaction
product of superoxide and hydrogen peroxide (e.g. hydroxyl radical) or if these individual ROS
molecules are each able to induce Ca2* influx is an interesting question that remains to be
answered.

Using both confocal microscopy and the chemiluminescence superoxide assay, we also showed
that ionomycin induced NOX5-dependent superoxide production equally well in cells whether
they expressed wild-type or kinase-dead c-Abl, whereas active c-Abl was required for H,0,
stimulation (Fig. 6B, 6C and Supplement Fig. 7). A significant difference between H,0, and
ionomycin may well be the magnitude of Ca2* influx induced, although spatial and kinetic
features of cytosolic Ca2* changes may also differ between the two stimuli. NOX5 protein
exhibits a lower affinity for calcium [13] than do other calcium-regulated proteins, such as
calmodulin and CaZ*-ATPase [41, 42]. Therefore the calcium influx induced by 100uM
H,0, appears to be insufficient by itself to activate NOX5. Thus, activated c-Abl may be
required to enhance the sensitivity of NOX5 to calcium. This mechanism is reminiscent of a
recent report showing that the phosphorylation of NOX5 induced by phorbol esters can
facilitate enzyme activation in the presence of sub-optimal levels of intracellular calcium
[37]. Whether NOX5 activity is regulated via its phosphorylation by c-Abl remains to be
determined and is currently under investigation in our laboratory.

The confocal images showed that GFP-tagged Abl was mainly localized to the cytosol. Upon
H»0, treatment, wild-type c-Abl, but not kinase-dead c-Abl, co-localized with sites of
superoxide production. These events were dependent on the tyrosine kinase activity of c-Abl,
as well as on Ca?* influx. Immunoprecipitation studies showed that mainly wild-type GFP-c-
Abl formed oligomers with endogenous c-Abl, but not with Ber-Abl. Furthermore, endogenous
membrane-associated c-Abl was detected only in cells expressing the wild-type GFP-c-Abl.
Interestingly, wild-type c-Abl possesses the proper N-terminal domain for myristoylation,
which allows the protein to become anchored in cell membranes [43]. In addition, previous
reports indicate that over-expression of tagged and untagged c-Abl induces c-Abl
oligomerization in a kinase-dependent manner that requires the N-terminal region [30]. These
results support an important role for endogenous c-Abl since this is the only form that allows
the presence of tagged wild-type c-Abl in the membrane where NOX5 is located. Although we
occasionally observed low levels of GFP-KD-c-Abl in the membranes, this was not associated
with endogenous c-Abl and likely resulted from nonspecific interaction due to over-expression.

Collectively, these results support the concept that exposure to H,O, leads to a sequence of
events that includes c-Abl protein tyrosine phosphorylation, oligomerization, and Ca?*-
dependent translocation, resulting in the membrane co-localization of activated c-Abl and
NOX5 proteins (see signaling model shown in Fig. 9). Since BAPTA can cause direct inhibition
of NOX5 and block c-Abl relocalization, we cannot be certain that c-Abl relocalization is
essential for NOX5 activation. On the other hand, the coimmunoprecipitation of GFP-c-Abl
and NOXS5 indicates a close interaction between the two proteins and points to the potential
importance of cAbl translocation. In addition, data from a broken cell system support the notion
of functional interaction between Abl and NOXS5 proteins, since increased NOX5 activity
correlated with increased c-Abl content in membrane preparations.

Our data demonstrate for the first time that NOX5 is regulated by c-Abl in a redox-dependent
manner and suggest a functional association between NOX5 and c-Abl. Although the model
proposed in Figure 9 describes an autocrine mechanism of amplification of H,0O, signaling,
the diffusible character of H,O, supports, in addition, paracrine regulation of adjacent NOX-
expressing cells. Ubiquitously expressed, c-Abl has been shown to play a role in cell cycle
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regulation and in cellular responses to growth factor signaling, oxidative stress, and DNA
damage [44] and previous studies suggest that c-Abl functions are specified in part by its
subcellular localization. We propose that c-Abl located in the membrane plays an important
role in redox signaling. Since NOX5 is highly expressed in testis and in lymphoid tissues, there
are potential roles for HyO,-NOX5 regulation in their Ca2+-activated, redox-dependent
processes such as sperm-oocyte fusion, cell proliferation, and cytokine secretion [45-47].
NOX5 has also been reported in human endothelial cells where it may play a role in ROS-
dependent vascular physiology and pathophysiology [36].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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hydrogen peroxide
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Fig. 1. Dose- and time-dependent effect of HoO2 on superoxide production in K562 cells and K562/
NOXS5 cells

K562 and K562/NOX5 cells were assayed for superoxide production using the Diogenes
reagent and for NOX5 protein by immunoblot. (A) Immunoblot of crude membranes using
antibodies to NOX5 and protein disulfide isomerase (PDI; loading control). (B, D)
Chemiluminescence from cells incubated with (broken line) or without (solid line) 100 uM
H,0, for the indicated times. (C, E) Superoxide production was measured in cells incubated
for 10 minutes with various concentrations of H,O, (0-500 uM). After normalization by
subtraction of the zero-time value of the chemiluminescence output, the area under the curve
was calculated as a measure of total superoxide production. (F) Superoxide production was
determined in whole K562/NOX5 cells incubated with or without 100 uM H,0, and/or catalase
(900 U). After normalization as above, the superoxide production was expressed as a percent
of non-treated cells without H,O, (NT). The data expressed are the means +/— SEM of 3 to 6
independent experiments. Asterisks indicate statistical significance versus control cells without
H,0,: * P<0.05, ** P<0.01.
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Fig. 2. Effect of H,O» on cell-free NOX5 activity

(A) Difference spectra of dithionite-reduced minus oxidized samples of crude membranes from
K562 and K562/NOXG5 cells (B) Superoxide production in crude membrane preparations. The
assay was performed as described in Experimental Procedure using the Diogenes reagent in
the presence of SOD (400 U/ml), DPI (10 uM), or sodium azide (1 mM), or in the absence of
NADPH (-) or Ca2* (-), as indicated. After normalization by subtraction of the zero-time value
of the chemiluminescence output, the area under the curve was calculated as a measure of total
superoxide production. *** P < 0.001 = statistical significance versus control K562
membranes. (C) Superoxide produced by K562/NOX5 membranes was determined in the
presence of 100 uM H,0, and increasing free Ca2+ concentrations. The values obtained are
expressed as in B. No significant difference was observed versus the value obtained in the
absence of H,O,. The data shown are the means +/— SEM of 3 to 7 independent experiments.
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Fig. 3. Effect of various inhibitors on HoO,-NOX5 regulation

K562/NOX5 cells were pretreated with the indicated inhibitors, as described in Experimental
Procedures. The cells were then tested for superoxide production in the presence or absence
of H,O, 100 uM for 10 minutes. Superoxide production was expressed as a percent of the
value obtained for non-pretreated cells in the absence of H,0O,. The data are the means +/—
SEM of 5 to 10 independent experiments. Asterisks indicate statistical significance versus
control cells without H,O,. * P < 0.05; ** <0.01.
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Fig. 4. Effect of GFP-tagged wild-type and kinase-dead c-Abl on HoO2,-NOX5 regulation
Superoxide production was determined in the presence or absence of 100 uM H,0,. (A) K562
cells stably expressing GFP-c-Abl or GFP-KD-c-Abl were transfected with the pRep4 vector
encoding the NOXS5 protein. (B) HEK/NOXG5 cells transiently transfected with either an empty
vector or the wild-type c-Abl or kinase-dead c-Abl. Superoxide production was expressed as
a percent of the value obtained for non-treated cells in the absence of H,0,. The data are the
means +/— SEM of 3 to 4 independent experiments. Asterisks indicate statistical significance
versus control cells without HoO, * P < 0.05; ** P <0.01, Numbers above the first column of
each graph represent the mean +/— SEM of the chemiluminescence output observed in those

samples at 10 minutes.
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Fig. 5. Confocal microscopy of HoO»-induced superoxide and calcium influx in K562/NOX5 and

HEK/NOX5 cells

(A) K562/NOXS5 cells were loaded with fluo-4 (green fluorescence, calcium influx) and HE
(red fluorescence, superoxide production), then stimulated with 100 uM H,0,. The effects of
BAPTA (50 uM), DPI (50 uM), or SOD (400 U/ml) on NOXS5 regulation by H,O, were
analyzed. Confocal images using a Zeiss microscope were recorded for up to 30 minutes using
dual excitation 488/543nm. Images from the 0 and 5 minute time points are shown. Each set
of four photomicrograph panels correspond to calcium influx (green fluorescence — top left),
superoxide production (red fluorescence - top right),, the differential interference contrast
(DIC) image (bottom left), and a merge picture of the fluorescent images (bottom right). The
scale bar indicates a size of 10um. (B) The fluorescence intensity levels from a representative
experiment are shown using either K562/NOX5 cells (black line) or K562 cells treated with
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H,0, (blue line). Fluorescence levels in K562/NOXS5 cells in the absence of H,O, were also
analyzed (brown line). After normalization by subtraction of the zero-time value, fluorescence
was plotted as the mean for a field of approximately 15 cells. For each data set, curve-fitting
analysis was carried using Excel and the best curve fit shown together with the coefficient of
correlation. (C) HEK/NOXS5 cells were loaded with fluo-4 and HE and confocal imaging
carried out as in (A) using a single excitation wavelength (488nm).
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Fig. 6. Role of calcium in c-Abl-dependent induction of NOX5 by H»0»
(A) K562/NOX5 cells expressing either wild-type or kinase-dead GFP-c-Abl (green
fluorescence) were loaded with HE (red fluorescence) and stimulated or not with 100 uM
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H>0, in the presence or absence of BAPTA (50 uM), or pretreated with imatinib as described
in Experimental Procedures. (B) K562/NOX5 cells expressing the kinase-dead GFP-c-Abl
(green fluorescence) were loaded with HE and stimulated with ionomycin (100 nM). Confocal
images were recorded using a Zeiss microscope as described in Fig. 5. The scale bar indicates
a size of 10 um. (C) Superoxide assays were performed in K562/NOXS5 cells and in K562/
NOX5 cells expressing either wild-type c-Abl or kinase-dead c-Abl. The cells were all
stimulated with ionomycin (100 nM) after a pre-incubation of 10 minutes with or without
H,0, in the presence or absence of BAPTA. Superoxide production was expressed as a percent
of the value obtained for non-treated cells in the absence of H,O,. The data are the means +/
— SEM of 3 to 5 independent experiments. Asterisks indicate statistical significance versus
control cells without HyO,. ** P < 0.01 or ns.
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Fig. 7. Effect of HoO5 on c-Abl phosphorylation

(A) Immunoprecipitation of GFP-tagged Abl was performed using anti-GFP antibodies and
250 pg of proteins obtained from lysates of K562/NOX5 cell expressing either kinase-active
GFP-c-Abl or the kinase-dead GFP-c-Abl. The immunoprecipitated proteins were
immunoblotted with phosphotyrosine or c-Abl antibody. K562/NOXS5 cells were used as a
negative control. (B) Immunoprecipitation experiment were performed as in A, except that the
K562/NOX5 cells expressing wild-type GFP-c-Abl were either untreated or incubated with
BAPTA (50 uM) and then treated (or not treated) with 100 uM H,O, for 10 minutes. In the
GFP immunoprecipitates, the levels of phosphorylated Abl proteins (GFP-c-Abl plus
endogenous c-Abl) were calculated from their individual autoradiographic densities and
normalized to the corresponding GFP-tagged protein level. All values obtained were then
expressed as a percentage of the control value obtained from H,O,-untreated cells. Data are
the mean +/— SEM of 3 independent experiments. Asterisks indicate statistical significance
versus cells without H,0,. * P <0.05, **P <0.01.
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Fig. 8. Colocalization and functional interaction of wild type c-Abl with NOXS5 activity in a cell-
free assay

(A) Lysates from K562/NOX5 expressing either kinase-active GFP-c-Abl or the kinase-dead
GFP-c-Abl, and treated with or without 100pM H»0, were immunoprecipitated with anti-GFP
as described in Fig. 7, and immunoblotted with antibodies to c-Abl and NOX5. (B) After
densitometric analysis, the NOXS5 protein content in the GFP-immunoprecipitates was
determined and normalized to the corresponding GFP protein level. (C) Anti-c-Abl
immunoprecipitates from the lysates of HEK and HEK/NOXS5 cells were immunoblotted with
antibodies to c-Abl and NOX5. (D) Immunoblots with antibodies to cAbl, NOX5, and PDI
(loading control) were performed using crude membranes preparations from K562/NOXS5 cells
expressing GFP-c-Abl or GFP-KD-c-Abl and treated with or without H,05.. E, F) After
densitometric analysis, the levels of Abl proteins (GFP-AbI plus endogenous c-Abl proteins)
and NOX5 proteins were normalized to the corresponding PDI protein levels and expressed as
a percentage of the control value (100%) obtained from H,O,-untreated cells. Data are the
mean +/— SEM of three independent experiments. (G) K562/NOX5 cells and K562/NOX5
cells expressing GFP-c-Abl or GFP-KD-c-Abl were treated with or without H,O, (100 uM)
for 10 minutes, then crude membranes were prepared and assayed for superoxide generation
using SOD-inhibitable cytochrome ¢ reduction. The data represent the H,O,-induced fold
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increase in superoxide formation and are the means +/— SEM of 3—-7 independent experiments.
Asterisks indicate statistical significance versus the fold increase in NOXb5 activity measured
using K562/NOXS5 cells. * P < 0.05 or ns. The inset in Fig. 8D is a representative cytochrome
assay performed with membranes of untreated K562/NOXS5 cells. The graph depicts the A
50nm absorbance as a function of time.
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Fig. 9. Proposed model for HoO,-NOX5 regulation: the amplification loop

H»0, induces simultaneously a low calcium influx (panel B, step 1a) and the activation of cAbl
through tyrosine phosphorylation (panel B, step 1b). The low calcium influx and the activation
of c-Abl are required for the translocation of c-Abl to the membrane (panel B, step 2). These
events are accompanied by c-Abl oligomerization. The c-Abl oligomers through either a direct
or indirect interaction with NOX5 stimulate its activity, possibly by enhancing its sensitivity
to a low concentration of calcium (panel B step 3). Once NOXS5 is activated, the generation of
superoxide anion through its dismutation to hydrogen peroxide and/or through the formation
of more highly reactive oxygen species then amplifies the primary signal (panel B, step 4).
When a stimulus generates a high cytosolic calcium concentration (e.g. ionophore exposure),
the stimulation of NOXS5 is independent of c-Abl, and Ca2* then directly activates NOX5.
Along with this amplification loop there is evidence suggesting the compartmentalization of
superoxide production, which occurs only at the plasma membrane and in discrete intracellular
vesicular compartments networking with the plasma membrane (panel A, B and C and Fig.
5A). However, our results suggest that the initial event in this pathway is the production of
superoxide at the plasma membrane.
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