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ABSTRACT Hydrogen peroxide is a key mediator of oxidative stress known to be important
in various cellular processes, including apoptosis. B-cell ymphoma-2 (Bcl-2) is an oxidative
stress-responsive protein and a key regulator of apoptosis; however, the underlying mecha-
nisms of oxidative regulation of Bcl-2 are not well understood. The present study investigates
the direct effect of H,O, on Bcl-2 cysteine oxidation as a potential mechanism of apoptosis
regulation. Exposure of human lung epithelial cells to H,0; induces apoptosis concomitant
with cysteine oxidation and down-regulation of Bcl-2. Inhibition of Bcl-2 oxidation by anti-
oxidants or by site-directed mutagenesis of Bcl-2 at Cys-158 and Cys-229 abrogates the ef-
fects of H,O, on Bcl-2 and apoptosis. Immunoprecipitation and confocal microscopic studies
show that Bcl-2 interacts with mitogen-activated protein kinase (extracellular signal-regulat-
ed kinase 1/2 [ERK1/2]) to suppress apoptosis and that this interaction is modulated by
cysteine oxidation of Bcl-2. The H,Oz-induced Bcl-2 cysteine oxidation interferes with Bcl-2
and ERK1/2 interaction. Mutation of the cysteine residues inhibits the disruption of Bcl-2-ERK
complex, as well as the induction of apoptosis by H,O,. Taken together, these results dem-
onstrate the critical role of Bcl-2 cysteine oxidation in the regulation of apoptosis through
ERK signaling. This new finding reveals crucial redox regulatory mechanisms that control the
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antiapoptotic function of Bcl-2.

INTRODUCTION

Oxidative stress has been implicated in the pathogenesis of several
diseases, including cancer and neurodegenerative and cardiovascu-
lar diseases (Halliwell, 2007; Valko et al., 2007). Oxidative stress is an
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imbalance between the production of reactive oxygen species (ROS)
and their elimination by the host's defense antioxidant systems.
Disturbance in this balance can lead to toxic effects through the
accumulation of peroxides and free radicals, which damage the cell
and its components. Some ROS can act as messengers through
redox regulation of cellular signaling pathways (Forman, 2009).
Apoptosis plays a crucial role in the removal of unwanted or trans-
formed cells. Defects in apoptosis regulatory mechanisms contribute
to abnormal cell growth, representing a major causative factor in the
development and progression of cancer (Hanahan and Weinberg,
2000; Kasibhatla and Tseng, 2003; Shivapurkar et al., 2003). Apopto-
sis is a tightly regulated process that operates along two major
pathways—the extrinsic and intrinsic pathways (Hancock et al., 2001;
Fruehauf and Meyskens, 2007). B-cell lymphoma-2 (Bcl-2) is a key
regulator of the intrinsic pathway by interfering with the release of
cytochrome ¢ from the mitochondria or its binding to Apaf-1 through
the interaction with Bax (Korsmeyer et al., 1995; Gupta, 2003). Bcl-2
also plays a role in the extrinsic pathway, which requires amplification
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of the apoptosis signal through the intrinsic pathway, that is, via Bid
cleavage (Gupta, 2003). Several apoptosis-resistant cell lines and
tumor specimens have been shown to overexpress Bcl-2 (Ben-Ezra
etal., 1994, Jiang et al., 1995; Osford et al., 2004), suggesting its role
in cancer pathogenesis and chemoresistance.

Expression of Bcl-2 is tightly regulated by mechanisms that in-
clude transcription, dimerization, and degradation (Willimott and
Wagner, 2010). Among them, Bcl-2 degradation is a key mecha-
nism of Bcl-2 regulation during apoptosis (Dimmeler et al., 1999;
Chanvorachote et al., 2006). Previous studies showed that Bcl-2
degradation is mediated primarily through the ubiquitin-protea-
some pathway and is associated with ROS generation (Dimmeler
et al, 1999; Azad et al., 2008; Wang et al., 2008; Luanpitpong
etal., 2011). In lung cancer cells, ROS formation is induced by vari-
ous apoptosis-inducing agents, including cisplatin, chromium, and
lipoic acid, and has been shown to be involved in the regulation of
Bcl-2 (Moungjaroen et al., 2006; Azad et al., 2008; Wang et al.,
2008). However, the underlying mechanisms of Bcl-2 regulation
are unclear and are investigated in this study.

Increasing evidence suggests that posttranslational regulation of
proteins via redox reactions can serve as a key mechanism for con-
trolling protein function (Reynaert et al., 2006; Michalek et al., 2007;
Yang et al., 2012). Key targets for redox regulation of proteins are
cysteine residues (Rehder and Borges, 2010; Yang et al., 2012). Bcl-2
protein contains four Bel-2 homology (BH) domains (BH1-BH4) with
two cysteine residues at position 158 in the a5 domain and position
229 in the carboxyl-terminal membrane anchor domain (Cys-158
and Cys-229). The main objective of this study is to investigate the
potential redox modification of Bcl-2 and its role in the regulation of
apoptosis under oxidative stress conditions. Specifically, we address
1) whether the cysteine residues are targets of oxidative modifica-
tion by HyO5 in human lung epithelial cells, 2) whether such modifi-
cation plays a role in apoptosis, and 3) if so, by what mechanisms. To
address these questions, we constructed a Bcl-2 mutant plasmid
replacing the two existing cysteine residues of Bcl-2 with alanines
and expressed them in human lung cells to aid the mechanistic in-
vestigations of Bcl-2 cysteine oxidation and its role in apoptosis. Of
note, mutation of these Bcl-2 cysteines (to alanines) preserved the
overall structure and conformation of protein.

RESULTS

Inhibition of hydrogen peroxide-induced lung cell apoptosis
by antioxidants

H,0O, is a signaling molecule generated during oxidative stress
and in response to various apoptotic stimuli (Moungjaroen et al.,
2006; Wang et al., 2008). To study the direct apoptotic effect of
H,07 in human lung epithelial cells, which are the primary target of
inhaled prooxidants, we treated epithelial H460 cells with various
pathophysiologically relevant concentrations of H,O, (Halliwell
et al., 2000) and analyzed for apoptosis by Hoechst 33342 and an-
nexin V assays. Figure 1, A and B, shows that treatment of the cells
with HyO; causes a dose-dependent increase in apoptotic cell
death, and cotreatment of the cells with antioxidants, including
N-acetylcysteine (NAC), reduced glutathione (GSH), and catalase,
effectively inhibits the apoptosis. To correlate the apoptosis results
with cellular oxidative stress, we analyzed cells for ROS levels
using a fluorescent probe, 2’7’-dihydrodichlorofluorescein diace-
tate (H,DCF-DA). Figure 1C shows that H,O, induced a
dose-dependent increase in cellular fluorescence intensity; the
effect can be inhibited by the antioxidant NAC. A similar inhibitory
effect was observed with GSH and catalase, although their effect
was slightly less efficient (unpublished data). Flow cytometric
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analysis of apoptotic and necrotic cell death using annexin V and
propidium iodide assays shows that apoptosis is the primary mode
of cell death induced by H,O, (Figure 1D) and that this effect is
inhibited by the antioxidant NAC (Figure 1E).

Hydrogen peroxide induces Bcl-2 down-regulation

and extracellular signal-regulated kinase 1/2 activation

Bcl-2 is down-regulated by various apoptotic stimuli through pro-
teasomal degradation (Moungjaroen et al., 2006; Wang et al., 2008).
To determine whether H,O, can induce similar down-regulation of
Bcl-2 in H460 cells, we treated the cells with H,O, and analyzed for
Bcl-2 expression by Western blotting. Figure 2A shows that H,O,
treatment substantially down-regulated Bcl-2 in a dose-dependent
manner. Because mitogen-activated protein (MAP) kinase activation
is linked to oxidant-induced apoptosis (Ueda et al., 2002; Torres and
Forman, 2003; Zhuang et al., 2007), we tested the potential involve-
ment of MAP kinase activation in Bcl-2 down-regulation in our cell
system. First, cells were treated with H,O in the presence or ab-
sence of various pharmacological MAP kinase inhibitors, including
PD98059 (extracellular signal-regulated kinase 1/2 [ERK1/2] inhibi-
tor), SP600125 (JNK inhibitor), and SB203580 (p38 inhibitor), and
their effects on Bcl-2 expression were determined. Figure 2B shows
that inhibition of ERK1/2 by PD98059 completely inhibited the ef-
fect of H,O, on Bcl-2 down-regulation, whereas inhibition of JNK
and p38 had minimal effect. These results suggest that ERK1/2, but
not JNK and p38 kinase, is associated with Bcl-2 expression. Further
study revealed that H,O, did induce activation (phosphorylation) of
ERK1/2 in a dose-dependent manner, which is the reverse of its ef-
fect on Bcl-2 (Figure 2C). To verify the role of activated ERK1/2 on
Bcl-2, we used another ERK1/2 inhibitor, U0216. Figure 2D shows
that UO126 dose dependently attenuated the down-regulation of
Bcl-2 by H,O,. These results suggest ERK-dependent regulation of
Bcl-2, which has not been reported and may be important in oxi-
dant-induced apoptosis.

Hydrogen peroxide induces cysteine oxidation of Bcl-2

To provide a mechanistic insight into the effect of H,O, on Bcl-2
and its regulation by ERK, we tested the possible modification of
Bcl-2 via cysteine oxidation since the cysteine thiol groups are nu-
cleophilic and susceptible to oxidation. We hypothesized that such
modification might alter the function of Bcl-2 and its interaction
with ERK, which could serve as a key mechanism for controlling
apoptotic cell death under oxidative stress conditions. To test
cysteine oxidation of Bcl-2, cells were treated with H,O, and Bcl-2
was isolated and analyzed for cysteine sulfenic acid (Cys-SOH) for-
mation. Bcl-2 isolation was achieved by immunoprecipitation using
anti-Bcl-2 antibody, whereas Cys-SOH formation was detected by
Western blotting using anti-Cys-SOH antibody. Figure 3A shows
that treatment of the cells with H,O, induced the formation of
Bcl-2 Cys-SOH in a dose-dependent manner. Analysis of cysteine
oxidation using the specific probe DCP-Bio1 showed a similar
dose-dependent pattern of Bcl-2 Cys-SOH formation upon H,0,
treatment (Figure 3B) and thus confirmed the findings. To validate
the formation of Bcl-2 Cys-SOH, we also performed analysis of
Bcl-2 Cys-SOH in H,O,-treated lung epithelial BEAS-2B cells using
the Cys-SOH antibody-based assay. Consistent with the earlier
finding in H460 cells, H,O, was able to dose dependently induce
Bcl-2 Cys-SOH formation in BEAS-2B cells (Figure 3C), thus sug-
gesting the generality of the observed Bcl-2 cysteine oxidation.
These findings indicate that the cysteine thiol groups of Bcl-2 are
key targets for oxidative modification by H,O,. The simultaneous
detection of Bcl-2 Cys-SOH formation, Bcl-2 down-regulation, and
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Hydrogen peroxide induces apoptosis of human lung epithelial H460 cells and its inhibition by antioxidants.
(A) Subconfluent monolayers (80%) of H460 cells were treated with various pathophysiologically relevant concentrations
of H,O, (0-400 pM) for 24 h and analyzed for apoptosis by Hoechst 33342 assay. (B) Cells were similarly treated with
H,0; (300 pM) in the presence or absence of various antioxidants, including NAC (5 mM), GSH (5 mM), and catalase.
(5000 U/ml), before analysis for apoptosis by Hoechst assay. (C) Cells were treated with various concentrations of H,O,
in the presence or absence of NAC (2.5 mM) for 2 h, and cellular ROS levels were determined fluorometrically using
H,DCF-DA as a fluorescent probe. (D) Cells were treated with H,O, (300 uM) in the presence or absence of NAC for
24 h and analyzed for apoptosis and necrosis by flow cytometry using annexin V and Pl as probes. Histograms show raw
data before correcting for background fluorescence, which accounts for ~21.8% of the signal in the lower right
quadrant. The results indicate apoptosis as the primary mode of H,O,-induced cell death. (E) Representative flow
cytometric histograms of annexin V comparing cells treated with H,O; alone and cells treated with H,0, and NAC
(400 pM vs. 400 pM + NAC). A shift to the left indicates the inhibitory effect of NAC on H,0,-induced apoptosis. Plots
are mean + SD (n = 3). *p < 0.05 vs. nontreated control. #p < 0.05 vs. HyOy-treated control (300 pM).
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FIGURE 2: Effects of H,0; on Bcl-2 expression and ERK activation. (A) H460 cells were treated
with various concentrations of H,O, (0-400 pM) for 24 h. Cell lysates were prepared and
analyzed for Bcl-2 expression by Western blotting. Blots were reprobed with B-actin antibody to
confirm equal loading of the samples. Immunoblot signals were quantified by densitometry, and
mean data from three independent experiments (one of which is shown here) were normalized
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(300 pM) for 12 h in the presence of PD98059 (ERK1/2 inhibitor, 25 uM), SP600125 (JNK
inhibitor, 10 uM), and SB203580 (p38 inhibitor, 10 pM), and Bcl-2 expression was determined.
(C) Cells were treated with H,O, (0-400 pM) for 12 h and analyzed for ERK1/2 activation
(phosphorylation) by Western blotting. Blots were reprobed for total ERK1/2 to confirm equal
loading of the samples. (D) Cells were treated with H,0, (300 pM) for 24 h in the presence of

increasing concentrations of U0216 (0-20 pM), and Bcl-2 expression levels were measured as
described. B-Actin was used as a loading control. Plots are mean + SD (n = 3). *p < 0.05 vs.
nontreated control. #p < 0.05 vs. H,O,-treated control (300 pM).

ERK activation at the same apoptotic doses of H,O, suggests the
possible connection between these molecular events in the regula-

tion of apoptosis.
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Mutation of cysteine residues in Bcl-2
suppresses hydrogen peroxide-
induced apoptosis

To determine the role of cysteine oxidation
in HyO,-induced apoptosis, we transfected
cells with Bcl-2 double-mutant plasmid
(Bcl-2-DM), replacing Cys-158 and Cys-229
residues with alanines. Cells transfected
with wild-type Bcl-2 plasmid or empty vec-
tor served as controls. Transfected cells
were treated with H,O,, and the effect on
apoptosis was examined. Figure 4A shows
that the cysteine mutant Bcl-2-DM exhib-
ited a strong antiapoptotic effect as com-
pared with vector control, whereas the
wild-type Bcl-2 had considerably lesser ef-
fect than the Bcl-2-DM. Morphological
analysis of the treated cells by Hoechst
nuclear staining showed more shrunken or
fragmented nuclei in Bcl-2-DM-than in
Bcl-2—transfected cells (Figure 4B). Flow
cytometric analysis of apoptosis using an-
nexin V confirmed the Hoechst staining
results and indicated an increased anti-
apoptotic effect of Bcl-2-DM over Bcl-2
(Figure 4C).

The increase in the inhibitory effect of
Bcl-2-DM was not due to its antioxidant ac-
tivity or transgene expression, since the
overall expression of Bcl-2 and the ROS lev-
els in Bcl-2-DM- and Bcl-2-transfected cells
were comparable (Figures 4D and 5A).
Because Bcl-2 is also known to regulate
mitochondrial functions, we addressed the
possible influence of Bcl-2-DM on mito-
chondrial ROS by detecting mitochondrial
superoxide formation using the mitochon-
drion-targeted hydroethidium  (MitoSOX
Red). Figure 5B shows that, although exog-
enous H,O; could induce mitochondrial su-
peroxide formation, its effect was not signifi-
cant among the different transfected cells.
Taken together, these results indicate that
the cysteine residues are important in the
antiapoptotic activity of Bcl-2 against H,O5,
probably through cysteine oxidation and
ERK signaling.

Mutation of cysteine residues in Bcl-2
attenuates cysteine sulfenic acid
formation

To provide a supporting evidence for the
role of cysteine oxidation in the antiapop-
totic action of Bcl-2, we analyzed Bcl-2 Cys-
SOH formation in Bcl-2-DM, Bcl-2, and
vector-transfected cells in the presence or
absence of H,O,. Figure 5, C and D, shows
that H,O, was able to increase Bcl-2 Cys-
SOH formation most prominently in Bcl-2—-

transfected cells. In Bcl-2-DM-transfected cells, the level of
Cys-SOH formation was low and comparable to that of vector-
transfected cells (endogenous level), despite the fact that the total
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FIGURE 3: Effects of H,O, on Bcl-2 Cys-SOH formation. (A) H460 cells were treated with H,O,
(0-400 pM) for 3 h, and cell lysates were prepared in the presence of dimedone (0.1 mM) and
immunoprecipitated with anti-Bcl-2 antibody. The immune complexes were analyzed for
cysteine sulfenic acid formation by Western blotting using anti-Cys-SOH antibody. (B) H460 cells
were treated with HyO5 (0-400 pM) for 3 h, and cells were labeled with DCP-Bio1 (1 mM) and
immunoprecipitated with anti-Bcl-2 antibody. The immune complexes were analyzed for
cysteine sulfenic acid formation by Western blotting using anti-biotin antibody. (C) Analysis of
Bcl-2 Cys-SOH formation was repeated in lung epithelial BEAS-2B cells using Cys-SOH
antibody-based assay. Cells were treated with H,O, (0-400 pM) for 3 h, and cell lysates were
prepared in the presence of dimedone (0.1 mM) and immunoprecipitated with anti-Bcl-2
antibody. Cysteine sulfenic acid formation was analyzed by Western blotting using anti-Cys-
SOH antibody (as described in A). Plots are mean + SD (n = 3). *p < 0.05 vs. nontreated control.

expression of Bcl-2 was comparable to that of Bcl-2-transfected
cells (Figure 4D).

Cysteine mutation hinders the effects of hydrogen peroxide
on Bcl-2 and ERK

Earlier, we showed that H,O, treatment down-regulated Bcl-2 and
induced ERK activation. To test whether cysteine oxidation affects
these processes, we treated Bcl-2-DM-, Bcl-2—, and vector-trans-
fected cells with H,O, and determined the expression levels of Bcl-2
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and ERK by Western blotting. Figure 6A

shows that Bcl-2 down-regulation by H,0,
* was less pronounced in Bcl-2-DM-trans-
R fected cells than in Bcl-2— or vector-trans-
fected cells. These results are in good agree-
ment with the apoptosis data and indicate
that the overall level of Bcl-2, either wild
type or cysteine mutant, determines the cel-
lular apoptotic response to HyO, treatment.
Figure 6B shows that mutation of cysteine
residues in Bcl-2 also inhibited ERK activa-
tion induced by H,0,, suggesting linkage
between Bcl-2 cysteine oxidation and ERK
signaling.

N
b

200 300 400
H,0, (uM)

Cysteine mutation blocks Bcl-2
% ubiquitination by hydrogen peroxide
% == Ubiquitination is a major cellular process for
rapid down-regulation of Bcl-2 via protea-
somal degradation. To verify the role of
ubiquitin-proteasomal pathway in Bcl-2
degradation, we treated cells with H,O, in

T the presence or absence of lactacystin and

200 300 400 MG132 the' specific proteasome inhibitors,
and determined Bcl-2 expression by West-
H202 (MM) ern blotting. Because lysosomal degrada-
tion is another possible pathway of protein
*_ degradation, cells were also treated with
* H20, in the presence or absence of con-

—

canamycin A and analyzed for Bcl-2 expres-
sion. Figure 6C shows that lactacystin and
MG132, but not concanamycin A, inhibited
Bcl-2 down-regulation induced by H,0O,,
thus confirming proteasomal degradation
as the primary mode of Bcl-2 degradation
by H,O,. Because cysteine mutation attenu-

R o T

! ates the effect of H,O, on Bcl-2, we further
200 300 400  examined whether the inhibitory effect of

cysteine mutation was regulated by Bcl-2
H202 (uM) ubiquitination. We performed immunopre-
cipitation studies in cells transfected with
vector control, wild-type Bcl-2, and Bcl-
2-DM plasmids. Transfected cells were
treated with H,O5, and cell lysates were pre-
pared and immunoprecipitated using anti—
Bcl-2 antibody. The resulting immune com-
plexes were analyzed for ubiquitination by
Western blotting. Figure 6D shows that
H,Oz-induced Bcl-2 ubiquitination was most
pronounced in Bcl-2-transfected cells, con-
comitant with the level of Cys-SOH forma-
tion (Figure 4D). These results substantiate
the role of cysteine residues in Bcl-2 degra-
dation through the ubiquitin-proteasomal pathway.

Bcl-2 down-regulation by hydrogen peroxide is regulated
by ERK interaction

Protein—protein interactions are known to influence protein stability
and function (Darnell et al., 2003; Zheng et al., 2011). Because mu-
tation of cysteine residues in Bcl-2 affects ERK activation and Bcl-2
expression, we investigated the possible interaction between Bcl-2
and ERK by generating a correlation plot between Bcl-2 expression
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and ERK activation in response to HyO, treatment. Figure 7A shows
the correlation plot, which reveals the inverse relationship between
the two parameters, with r=0.93. To experimentally determine the
interaction between Bcl-2 and ERK, we used immunoprecipitation
and Western blot techniques in combination with immunocyto-
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chemistry to aid the analysis. In these experiments, Bcl-2—, Bcl-
2-DM-, and vector-transfected cells were treated with H,O,, and
cell lysates were prepared and immunoprecipitated with anti-ERK1/2
antibody. The resulting immune complex was then probed for Bcl-2-
ERK interaction using anti-Bcl-2 antibody. Figure 7B shows that
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transfected with mutant Bcl-2-DM, wild-type Bcl-2, or control plasmid as described in Materials
and Methods. Transfected cells were treated with H,O, (400 pM) for 24 h, and cell lysates were
prepared and analyzed for Bcl-2 expression by Western blotting. 8-Actin was used as a loading
control. (B) Transfected cells were treated with H,O, (400 pM) for 12 h and analyzed for ERK1/2
activation (phospho-ERK1/2) by Western blotting. Total ERK1/2 was used as a loading control.

(C) Cells were treated with the proteasome inhibitors lactacystin (LAC; 10 pM) and MG132

(25 pM) or with the lysosomal inhibitor concanamycin A (CMA; 1 pM) for 1 h and then treated
with H,05 (400 uM) for 24 h. Bcl-2 expression was determined by Western blotting. (D) Cells
were transfected with mutant Bcl-2-DM, wild-type Bcl-2, or control plasmid and then treated
with H,0, (400 uM) in the presence of lactacystin (10 pM; to prevent proteasomal degradation
of Bcl-2). Cell lysates were immunoprecipitated with Bcl-2 antibody, and the immune complexes
were analyzed for ubiquitin by Western blotting. Analysis of ubiquitin was performed at 6 h after
treatment, in which ubiquitin was found to be maximal. Equal amounts of protein were loaded in
each lane. Plots are mean + SD (n = 3). *p < 0.05 vs. nontreated control. #p < 0.05 vs. vector-

transfected control. p < 0.05 vs. Bcl-2-transfected control. $p < 0.05 vs. treated control.

under a nontreatment condition, a low (basal) level of Bcl-2-ERK
complex was observed in the control cells, indicating the direct in-
teraction between Bcl-2 and ERK under these conditions. Treatment
of the cells with H,O, disrupted the interaction in the control as well
as Bcl-2-transfected cells but not in Bcl-2-DM-transfected cells
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(Figure 7B), suggesting the involvement of
cysteine oxidation in the disruption. This re-
sult, along with the observation that H,O,-
induced Bcl-2 down-regulation was sub-
stantially less in Bcl-2-DM cells than in Bcl-2
cells (Figure 6A), strongly supports the no-
tion that Bcl-2-ERK interaction helps to sta-
bilize Bcl-2. The disruption of Bcl-2-ERK
complex by H,O, was observed as early as
6 h after the treatment, suggesting that
complex disruption was upstream of Bcl-2
down-regulation and ERK activation.
Immunofluorescence studies were per-
formed to confirm the binding interaction
and to evaluate the intracellular localization
of Bcl-2and ERK. A high degree of colocal-
ization of Bcl-2 and ERK was observed in the
cytosol of untreated cells (Figure 8). After
treatment with H,O,, a punctuate pattern of
Bcl-2 aggregates was observed in Bcl-2—-
transfected cells (Figure 8, arrow), thus low-
ering the degree of colocalization. In con-
trast, aggregate formation was not observed
in Bcl-2-DM-transfected cells after treat-
ment with H,O,. Taken together, these re-
sults strongly support the role of cysteine
oxidation in Bcl-2-ERK interaction.

DISCUSSION

Uncontrolled regulation of apoptosis has
been implicated in the pathogenesis of vari-
ous diseases, including cancers and neuro-
degenerative disorders (Thompson, 1995;
Kasibhatla and Tseng, 2003). ROS is a com-
mon regulator of apoptosis through the mi-
tochondrial death pathway, which is regu-
lated largely by Bcl-2-family proteins
(Hildeman et al., 2003; Juan et al., 2008).
The role of ROS in the regulation of Bcl-2
and apoptosis has been well described, but
the underlying mechanisms of regulation,
particularly posttranslational redox regula-
tion, are not well understood. Increasing
evidence has implicated the role of cysteine
oxidation in the regulation of protein func-
tions under various oxidative stress condi-
tions (Michalek et al., 2007, Yang et al.,
2012); however, detailed investigations of
the underlying mechanisms are limited. In
this study, we reported several new findings
that reveal the mechanisms of Bcl-2 regula-
tion through cysteine oxidation and its ef-
fect on apoptosis. First, we demonstrated
that H,O, induced apoptosis through ERK-
dependent Bcl-2 down-regulation in human
lung epithelial cells (Figures 2 and 4). It was
earlier reported that ERK activation resulted

in depolarization of mitochondrial membrane potential and cyto-
chrome crelease (Kaushal et al., 2004). Because Bcl-2 has long been
known to control the mitochondrial membrane permeability transi-
tion and cytochrome c release through its interaction with Bax
(Korsmeyer et al., 1995; Gupta, 2003), the results of this study
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therefore suggest that Bcl-2 might be the target where ERK is
coupled to the mitochondrial pathway. Our immunoprecipitation
and immunofluorescence studies support this notion (Figures 7
and 8).

Overexpression of Bcl-2 in lung epithelial cells inhibited apopto-
sis induced by H,O; (Figure 4), indicating the antiapoptotic role of
Bcl-2, consistent with the known function of this protein. Bcl-2
cysteine oxidation was observed at the doses of H,0, that induced
apoptosis (Figures 1 and 3), suggesting the potential role of cysteine
oxidation in the death-signaling process. Inhibition of Bcl-2 cysteine
oxidation by site-specific mutation of cysteine residues (Cys-158
and Cys-229) strongly inhibited the apoptotic effect of H,O (Figure
4). A similar result was observed when the cells were treated with
antioxidants such as NAC, GSH, and catalase (Figure 1). To our
knowledge, this is the first demonstration of cysteine oxidation of
Bcl-2 and its effect on cell apoptosis.

We further found that cysteine oxidation of Bcl-2 regulates the
apoptotic process by interfering with ERK signaling. Mutation of
Bcl-2 cysteine residues abrogated the activation of ERK by H,O,
(Figure 6), suggesting possible interaction between Bcl-2 and ERK.
Indeed, our immunoprecipitation and immunofluorescence studies
demonstrated for the first time such interaction, which depends on
the cellular oxidative stress level (Figures 7 and 8). Treatment of the
cells with H,O5, caused a decrease in Bcl-2—-ERK interaction (Figures
7 and 8). Because structural modifications of proteins affect protein—
protein interactions and bioactivities (Yang et al., 2006; Van Dieck
et al., 2009), it is plausible that the observed decrease in Bcl-2-ERK
interaction might be a result of cysteine oxidation of Bcl-2. This no-
tion is supported by the observations that 1) H,O5-induced cysteine
oxidation of Bcl-2 was concomitant with the disruption of Bcl-2-ERK
complex, and 2) prevention of cysteine oxidation by site-specific
mutation of cysteine residues inhibited the disruption of Bcl-2-ERK
complex by H,O, (Figures 7 and 8).

The aforementioned results strongly support the causal linkage
between Bcl-2 cysteine oxidation and Bcl-2-ERK dissociation. Anal-
ysis of the time courses of these two events showed that Bcl-2
cysteine oxidation (Cys-SOH formation) was detected at an earlier
time, that is, 3 h after H,O, treatment, whereas significant Bcl-2-ERK
complex disruption was not observed until after 6 h. This result
indicates that Bcl-2 cysteine oxidation acts upstream of Bcl-2—ERK
complex disruption. Further supporting this notion is the observa-
tion that Bcl-2 down-regulation by H,O, via Bcl-2 ubiquitination was
less pronounced in cysteine-mutant Bcl-2-DM cells, which exhibited
a higher Bcl-2-ERK level than in wild-type Bcl-2 cells (Figures 6A and
7B). Taken together, these findings indicate cysteine oxidation as a
key regulatory event controlling Bcl-2 stability and function through
ERK interaction, which is consistent with previous findings showing
increased protein stability through protein—protein interactions
(Darnell et al., 2003; Zheng et al., 2011).

Bcl-2 has been largely described as a regulator of apoptosis. In-
creasing evidence suggests that Bcl-2 possesses multiple functions
and regulates many cellular processes that are important in carcino-
genesis, including cell invasion and migration, anchorage-indepen-
dent cell growth, and angiogenesis (Medan et al., 2012). Various
mutations of Bcl-2 have been reported in cancers, although direct
analysis of the function of the mutated Bcl-2 proteins is limited (Reed
and Tanaka, 1993; Matolcsy et al., 1996; Packham, 1998). Our study
demonstrated the contribution of cysteine residues in Bcl-2 stability
and function, which may be important in cancer pathogenesis.
Mutation of cysteine residues in Bcl-2 promoted its antiapoptotic
activity, rendering cells resistant to oxidative stress-induced apop-
tosis, which may contribute to cancer development.
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Cellular localization of Bcl-2 and ERK. Cells were transfected with mutant Bcl-2-DM,
wild-type Bcl-2, or control plasmid as described and seeded onto type | collagen—coated slides.
The cells were treated with H,O, (400 uM) for 6 h and were immunostained and analyzed for
protein localization by confocal fluorescence microscopy. Actin was visualized by using
phalloidin. Colocalization of ERK and Bcl-2 is shown in the merge display. White arrows indicate

aggregations of Bcl-2.

In conclusion, evidence presented here demonstrates oxidative
modification of Bcl-2 via Cys-SOH formation and establishes its role
in the regulation of apoptosis induced by H,O,. Such modification
of Bcl-2 causes disruption of the Bcl-2-ERK complex, leading to
Bcl-2 down-regulation, ERK activation, and apoptosis. This novel
finding on the regulatory mechanism of apoptosis by Bcl-2 could aid
in the understanding of disease pathogenesis under oxidative stress
conditions.

MATERIALS AND METHODS

Cells and reagents

Human lung epithelial cancer H460 cells and immortalized human
normal lung epithelial BEAS-2B cells were obtained from the
American Type Culture Collection (Manassas, VA). The cells were
cultured in RPMI 1640 and DMEM medium containing 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin in a 5% CO; environment at 37°C, respec-
tively. H,O,, NAC, GSH, catalase, and antibody for ubiquitin were
obtained from Sigma-Aldrich (St. Louis, MO). Hoechst 33342, an-
nexin V-FITC, H,DCF-DA, and Alexa Fluor secondary antibodies were
obtained from Molecular Probes (Grand Island, NY). Lactacystin, con-
canamycin A, PD98059, and U0216 (MAP kinase ERK1/2 inhibitors),
SP600165 (c-Jun N-terminal kinase inhibitor), and SB203580 (p38
kinase inhibitor) were from Calbiochem (La Jolla, CA). Antibodies for
Bcl-2, phospho-ERK1/2 (p-p44/p42), ERK1/2 (p44/p42), horseradish
peroxidase (HRP)-conjugated secondary antibodies, and HRP-
conjugated anti-biotin antibody were obtained from Cell Signaling
Technology (Beverly, MA). Antibody for cysteine sulfenic acid was
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obtained from Millipore (Billerica, MA).
DCP-Bio1 was obtained from KeraFAST
(Boston, MA).

Plasmids and transfection

Bcl-2 and mutant plasmids were generously
provided by C. Stehlik (Northwestern Uni-
versity, Chicago, IL). The authenticity of the
plasmid constructs was verified by DNA se-
quencing. Cells were transfected with he-
magglutinin-tagged wild-type Bcl-2, Bcl-2
mutant, or pcDNA3 control plasmid by nu-
cleofection using Nucleofector (Amexa
Biosystems, Cologne, Germany), according
to the manufacturer's instructions. Briefly,
cells were suspended in 100 pl of nucleofec-
tion solution with 2 pg of plasmid and nucle-
ofected using the device program T020.
The cells were then resuspended in 500 pl of
complete medium and seeded in 6-mm cell
culture dishes. Cells were allowed to recover
for 48 h before each experiment. The effi-
ciency of transfection was determined by
using a green fluorescent protein reporter
plasmid and was found to be ~80%.

Apoptosis assays

Apoptosis was determined by Hoechst
33342 assay and by flow cytometric analysis
of annexin V and propidium iodide (PI). In
the Hoechst assay, cells were incubated with
10 pg/ml Hoechst 33342 for 30 min and
analyzed for apoptosis by scoring the per-
centage of cells having condensed chroma-
tin and/or fragmented nuclei by fluorescence microscopy (Leica
Microsystems, Bannockburn, IL). Approximately 1000 nuclei from
10 random fields were analyzed for each sample. The apoptotic in-
dex was calculated as the percentage of cells with apoptotic nuclei
over total number of cells. For flow cytometric analysis, cells were
harvested, washed, stained with annexin V-fluorescein isothiocya-
nate (FITC) in binding buffer for 30 min at room temperature, and
costained with PI (10 pg/ml). Samples were immediately analyzed by
FACScan flow cytometer (Becton Dickinson, Rutherford, NJ) using a
488-nm excitation beam and a 530- and 630-nm band-pass filter
with CellQuest software (Becton Dickinson).

ROS detection

ROS generation was determined fluorometrically using H,DCF-DA
as a fluorescent probe. Briefly, cells were incubated with the probe
(10 uM) for 30 min at 37°C, after which they were washed and resus-
pended in phosphate-buffered saline (PBS), followed by analysis
of cellular fluorescence intensity by a fluorescence plate reader at
the excitation and emission wavelengths of 485 and 538 nm,
respectively.

Western blot analysis

After specific treatments, cells were incubated with lysis buffer
containing 20 mM Tris-HCI (pH 7.5), 1% Triton X-100, 150 mM
sodium chloride, 10% glycerol, 1 mM sodium orthovanadate, 50 mM
sodium fluoride, 100 mM phenylmethylsulfony! fluoride, and a com-
mercial protease inhibitor mixture (Roche Molecular Biochemicals,
Indianapolis, IN) at 4°C for 20 min. Cell lysates were collected and
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determined for protein content using the Bradford method (Bio-Rad
Laboratories, Hercules, CA). Proteins (40 pg) were resolved under
denaturing conditions by 10% SDS-PAGE and transferred onto
nitrocellulose membranes. The transferred membranes were blocked
for 1 h in 5% nonfat dry milk in TBST (25 mM Tris-HCI, 125 mM NaCl,
0.05% Tween-20) and incubated with appropriate primary antibodies
at 4°C overnight. The membranes were washed twice with TBST
for 10 min and incubated with HRP-conjugated secondary antibodies
for 1 h at room temperature. The immune complexes were then
detected by chemiluminescence detection system (Amersham
Biosciences, Piscataway, NJ) and quantified using Analyst/PC densi-
tometry software (Bio-Rad Laboratories).

Immunoprecipitation

After specific treatments, cells were washed with PBS and lysed in
lysis buffer at 4°C for 20 min. The lysates were collected and deter-
mined for protein content using the Bradford method (Bio-Rad
Laboratories). Cell lysates (60 pg protein) were incubated with anti—
Bcl-2 or anti-ERK1/2 (p44/p42) antibody at 4°C for 14 h, followed by
incubation with protein G-conjugated agarose for 4 h at 4°C. The
immune complexes were washed six times with cold lysis buffer and
resuspended in 2x Laemmli sample buffer. The immune complexes
were separated by 10% SDS-PAGE and analyzed for protein expres-
sion by Western blotting.

Cysteine sulfenic acid detection

Cysteine sulfenic acid was determined by Cys-SOH antibody-based
and DCP-Bio1 reagent-based assays. In the antibody-based assay,
cells were washed with PBS and lysed in lysis buffer containing
0.1 mM dimedone at 4°C for 20 min. Cell lysates (200 pg of protein)
were immunoprecipitated using anti-Bcl-2 antibody and separated
by 10% SDS-PAGE as described. Cysteine oxidation was detected
by Western blotting using 1:1000 anti—cysteine sulfenic acid antibody
(Millipore, MA) and anti-rabbit HRP-conjugated secondary antibody.
For the reagent-based assay, cells were labeled with 1 mM cysteine
oxidation probe DCP-Bio1 (KeraFAST), which is a dimedone analogue
containing biotin tag. The DCP-Bio1-labeled proteins were similarly
immunoprecipitated using anti-Bcl-2 antibody and separated by 10%
SDS-PAGE as described. Subsequently, the samples were detected
for cysteine oxidation by Western blotting using 1:1000 anti-biotin
(conjugated HRP) antibody. Quantification of the immune signals was
performed using Analyst/PC densitometry software.

Immunofluorescence

Cells were seeded on rat type | collagen—coated coverslips
(5 pg/cm?), fixed with 3.7% paraformaldehyde for 15 min, incubated
in 50 mM glycine for 5 min, permeabilized, and blocked with 0.5%
saponin, 1.5% bovine serum albumin, and 1.5% normal goat serum
for 30 min. ERK was immunostained with anti-ERK1/2 antibody, and
Bcl-2 was immunostained with anti-hemagglutinin tag antibody.
Secondary Alexa Fluor 488-, 546, and 647-conjugated antibodies
and phalloidin (Invitrogen, Carlsbad, CA) were used. Cells were
washed with PBS containing 0.5% saponin and were mounted on a
coverslip using Fluoromount-G (Southern Biotechnology Associ-
ates, Birmingham, AL). Cells were visualized with a Zeiss LSM 510
confocal on an Axiolmager Z1 microscope using a 63x objective
lens (Carl Zeiss, Jena, Germany).

Statistical analysis

The data represent means + SD from three or more independent
experiments. Statistical analysis was performed by Student's t test at
a significance level of p < 0.05.
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