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ABSTRACT
Autophagy is a catabolic cellular mechanism involving lysosomal degradation of unwanted cellular components. Interaction between Beclin-
1 and Bcl-2 proteins is known to play a critical role in the initiation of autophagy. We report that malignantly transformed lung epithelial cells
are resistant to autophagy and express lower basal levels of autophagic proteins, Beclin-1 and LC3-II as compared to non-tumorigenic cells.
Additionally, increased levels of nitric oxide (NO) and Bcl-2 were observed in transformed cells. Nitric oxide was found to negatively regulate
autophagy initiation and autophagicflux by nitrosylating Bcl-2 and stabilizing its interactionwith Beclin-1, resulting in inhibition of Beclin-1
activity. An increase in the apoptotic initiator caspase-9 and the apoptosis and autophagy-associated kinase p38/MAPK in both cell types
indicated possible autophagy–apoptosis crosstalk. Pre-treatments with ABT-737 (Bcl-2 inhibitor) and aminoguanidine (NO inhibitor), and
transfection with a non-nitrosylable Bcl-2 cysteine double-mutant plasmid resulted in increased autophagic flux (LC3-II/p62 upregulation)
corresponding with decreased S-nitrocysteine expression, thus corroborating the regulatory role of Bcl-2 S-nitrosylation in autophagy. In
conclusion, our study reveals a novel mechanism of autophagy resistance via post-translational modification of Bcl-2 protein by NO, which
may be critical in driving cellular tumorigenesis. J. Cell. Biochem. 117: 521–532, 2016. © 2015 Wiley Periodicals, Inc.
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Lung cancer is one of the leading causes of cancer deaths
worldwide, with over one million deaths annually [Jemal et al.,

2004; Ferlay et al., 2010]. Over 200,000 new cases of lung cancer and
over 150,000 related deaths were reported in the United States in
2013 alone [National Cancer Institute at the National Institutes of
Health, 2014]. Most lung cancer cases are detected only at later
stages of the disease when the cancer has already progressed to an
aggressive stage, resulting in survival rates between 10% and 15%
[Collins et al., 2007].

Dysregulation of cell death pathways such as apoptosis is
considered a major barrier for curative therapy in lung cancer
[Abend, 2003; Melet et al., 2008]. Autophagy is a cellular pathway
that involves the removal of unwanted or damaged cellular
components by lysosomal degradation. However, cancer cells can
evade cell death by initiating autophagy thereby maintaining
cellular energy levels until the cells can recover from the causative
stress [Paglin et al., 2001; Yang et al., 2011]. One of the two major
autophagic pathways involves JNK and its downstream partners
Bcl-2, Beclin-1, and Vps34. Activation of JNK1 leads to
phosphorylation of Bcl-2, which allows the Bcl-2–Beclin-1

complex to dissociate. The dissociated Beclin-1 forms a complex
with Vps34 (Class III PI3K), leading to autophagosome formation
[Mizushima and Levine, 2010]. The second major autophagy
pathway is driven by IKK b, and involves downstream partners
AMPK, TSC1/2, and MTORC1, which inhibits autophagosome
formation upon activation [Kroemer et al., 2010]. In addition to
these proteins, Atg12 and LC3 are also critical members that are
required for autophagosome formation [Mizushima and Levine,
2010]. LC3 and its binding partners are responsible for
autophagosome transport and maturation. Upon maturation, the
autophagosome fuses with lysosomes where its internal cargo is
degraded [Pattingre et al., 2008; Thorburn, 2008].

Current research indicates that long-term exposure to inhaled
carcinogens is a major etiological agent for lung disease [IARC, 1990;
Cogliano et al., 2011]. Hexavalent chromium [Cr(VI)] compounds have
been classified as group I human carcinogens by the International
Agency of Research in Cancer [Langard, 1990; De Flora, 2000;
Cogliano et al., 2011]. Hexavalent chromium [Cr(VI)] is used in a
wide range of processes including leather tanning, stainless steel
production, wood preservation, anti-corrosion coatings, pigment in

Conflict of interest: None of the authors has a financial relationshipwith a commercial entity that has an interest in the
subject of this manuscript.
Grant sponsor: National Institutes of Health; Grant numbers: HL112630, CA173069.
*Correspondence to: Neelam Azad, PhD, Department of Pharmaceutical Sciences, Hampton University, Hampton, VA
23668. E-mail: neelam.azad@hamptonu.edu
Manuscript Received: 5 June 2015; Manuscript Accepted: 3 August 2015
Accepted manuscript online in Wiley Online Library (wileyonlinelibrary.com): 4 August 2015
DOI 10.1002/jcb.25303 � © 2015 Wiley Periodicals, Inc.

521

ARTICLE
Journal of Cellular Biochemistry 117:521–532 (2016)



dyes, plastics and inks, among several others [Langard, 1990,1993;
De Flora, 2000]. Due to its wide usage, several epidemiological
studies have confirmed that exposure to chromium compounds in
various occupational settings is associated with lung disease
[Simonato et al., 1991; Langard, 1993]. Cr(VI) compounds are also
present in cigarette smoke, and research has indicated that there is
an increased incidence of lung cancer in smokers with Cr(VI)
exposure [IARC, 1990; Langard, 1990; Balansky et al., 2000].
Although the epidemiological data implicating Cr(VI) in lung
carcinogenesis is strong, there has been limited success in
establishing a reliable in vivo model to support the present data
[Balansky et al., 2000; Bucher, 2007; Holmes et al., 2008]. To
investigate the mechanisms involved in Cr(VI)-induced carcino-
genesis, we developed an in vitro model by subjecting
non-tumorigenic human bronchial epithelial Beas-2B cells to
long-term Cr(VI) exposure, and such chronic exposure to Cr(VI)
led to the malignant transformation of non-tumorigenic Beas-2B
cells [Azad et al., 2010b].

Nitric oxide (NO), an important signaling molecule that functions
in several cellular processes, is well known to impair autophagosome
formation by inhibiting the activity of the JNK1 and IKKb pathways
through S-nitrosylation of these two proteins [Sarkar et al., 2011]. S-
nitrosylation is a well-established mechanisms by which NO
regulates the function of various target proteins [Stamler et al.,
1992]. This post-translational modification of proteins can pos-
itively or negatively regulate various signaling pathways, proteins,
and metabolic processes [Hess et al., 2005]. However, it is not known
whether regulation of autophagic mediators through NO plays a role
in Cr(VI)-induced malignant transformation.

In this study, we demonstrate that malignantly transformed lung
epithelial cells are inherently resistant to autophagy and apoptosis in
comparison to non-tumorigenic lung cells. NO-mediated S-nitro-
sylation of Bcl-2 was observed to be an important mechanism of
these cellular processes due to its effect on the Bcl-2–Beclin-1
complex, and subsequent effects on the autophagic process. This is
significant to the autophagy resistance we observe in malignantly
transformed cells because these cells express a higher basal level of
Bcl-2 in comparison to non-tumorigenic lung cells. Overall, this
study reveals a novel mechanism by which NO can affect proteins
downstream of the JNK1 pathway in autophagy, and is the first to
demonstrate a role for Bcl-2 S-nitrosylation in resistance to
autophagy initiation.

MATERIALS AND METHODS

CHEMICALS AND REAGENTS
Rapamycin, sodium dichromate (Na2Cr2O7�H2O) [Cr(VI)],
2,3-diaminonaphthalene (DAN), mercury(II) chloride (HgCl2),
sodium hydroxide (NaOH), NO inhibitor aminoguanidine (AG),
p38 inhibitor SB203580, NO donor diethylamine NONOate
sodium salt, Bafilomycin A1, Chloroquine diphosphate salt, and
S-nitrosocysteine were obtained from Sigma–Aldrich (St. Louis,
MO). The fluorogenic caspase-9 substrate, LEHD–amino-4-
methylcoumarin (AMC), was from Alexis Biochemicals (San
Diego, CA). Diaminofluorescein (DAF)-diacetate (DA) was

purchased from Molecular Probes (Eugene, OR). Antibodies for
Rabbit IgG, Bcl-2, p62, Beclin-1, Atg5, Atg12, P-p38/p38, b-
actin, and peroxidase-labeled secondary antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA). Lipofect-
amine 2000 was purchased from Life Technologies (Carlsbad,
CA). The Bcl-2 inhibitor ABT-737 and a Bcl-2 antibody for
immunoprecipitation were obtained from Santa Cruz Biotech-
nologies (Dallas, TX). pAb anti-LC3 antibody (HRP) was from
Novus Biologicals (Littleton, CO).

CELL CULTURE
Nontumorigenic human bronchial epithelial Beas-2B cells were
obtained from American Type Culture Collection (Manassas, VA).
Beas-2B cells were malignantly transformed as previously described
[Azad et al., 2010b]. Briefly Beas-2B cells were continuously exposed
to 5mM Cr(VI) in culture for 24 weeks. Cells were passaged weekly
and parallel cultures grown in Cr(VI)-freemedium provided passage-
matched controls. The tumorigenic potential of the malignantly
transformed cells was determined by various experiments. Cr(VI)-
exposed Beas-2B cells are designated as B-Cr cells so as to
distinguish them from the parental Beas-2B cells. Both passage-
matched Beas-2B and B-Cr cells were cultured in Dulbecco0s
modified Eagle medium (Thermo Scientific) supplemented with 5%
FBS, 2mM L-glutamine, 100U/ml penicillin, and 100mg/ml
streptomycin in a 5% CO2 environment at 37°C.

PLASMIDS AND TRANSFECTION
Beas-2B and B-Cr cells were seeded in 60mm dishes until they
reached 80% confluence. The cells were then transfected with myc-
tagged wild-type (WT) Bcl-2 (WT Bcl-2), double-mutant
(C158A/C229A) Bcl-2 (DM Bcl-2), si-Bcl-2, or control (pcDNA3)
plasmid using Lipofectamine 2000 transfecting agent according to
the manufacturer0s protocol. Plasmid DNA (5mg) was diluted in
Opti-MEMMedium (Gibco, Life Technologies) before being added to
an Opti-MEM Medium/Lipofectamine Reagent (15ml) solution in a
1:1 ratio. This DNA–lipid complex was incubated for 5min before
being added to the cells. Cells were incubated at 37°C for 36 h, then
treated with 20mM Cr(VI) for 6 h before being lysed for Western blot
analysis.

CASPASE ASSAY
Caspase activity was determined by fluorometric assay with the
enzyme substrate LEHD-AMC, which is specifically cleaved by
caspase-9 at the Asp residue to release the fluorescent group, AMC.
Cell extracts containing 20mg of protein were incubated with
100mM HEPES containing 10% sucrose, 10mM dithiothreitol, 0.1%
3-[(3-cholamidiopropyl)-dimethylammonio]-1-propane sulfonate,
and 50mM caspase substrate in a total reaction volume of
0.25ml. The reaction mixture was incubated for 60min at 37°C,
and quantified fluorometrically at the excitation and emission
wavelengths of 380 and 460 nm, respectively, with a Gen 5 2.0
All-In-One Microplate Reader (BioTek Instruments, Inc.)

APOPTOSIS ASSAY
Apoptosis was determined by Hoechst 33342 DNA fragmentation
assay. Briefly, cells were incubated with 10mg/ml Hoechst 33342
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nuclear stain (Life Technologies) for 30min at 37°C and scoring the
percentage of cells having intensely condensed chromatin and/or
fragmented nuclei by fluorescence microscopy (EVOS All-in-one
digital inverted fluorescence microscope) with software. From
random fields 1,000 nuclei were analyzed for each sample. The
apoptotic index was calculated as apoptotic nuclei/total nuclei
� 100 (%) using ImageJ software (Java image processing, NIH).

AUTOPHAGIC VACUOLE DETECTION
Autophagic vacuoles were detected using the Cyto-ID Autophagy
Detection Kit (Enzo Scientific). After cells were seeded in 6-well
plates and treated accordingly, 0.25ml of Cyto-ID Green Detection
reagent was added per ml of complete growth medium per well.
Plates were incubated at 37°C for 30min before imaging by
fluorescence microscopy (EVOS All-in-one digital inverted fluo-
rescence microscope) with software. Graphs represent percentage of
stained cells in each sample well over total number of cells using
ImageJ software (Java image processing, NIH).

NO DETECTION
Intracellular NO production was determined by spectrofluorometry
using DAF-DA fluorescent probe. After specific treatments, cells
were incubated with 10mM DAF-DA for 30min at 37°C. Cells were
analyzed for DAF fluorescence at the excitation and emission
wavelengths of 488 and 538 nm, respectively, with a Gen 5 2.0
All-In-One Microplate Reader (BioTek Instruments, Inc.).

WESTERN BLOTTING
After specific treatments, cells were incubated in lysis buffer
containing 20mM Tris-HCl (pH 7.5), 150mM NaCl, 1mM Na2EDTA,
1mM EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 1mM b-
glycerophosphate, 1mM Na3VO4, and 1mg/ml leupeptin (Cell
Signaling), 100mM PMSF, and a commercial protease inhibitor
(Sigma–Aldrich) and phosphatase inhibitor (Pierce Biotechnology)
mixture for 20min on ice. After insoluble debris was precipitated by
centrifugation at 10,000RPM for 10min at 4°C, the supernatant were
collected and assayed for protein content with bicinchoninic acid
assay kit (Thermo Scientific). Equal amount of proteins per sample
(20mg) were resolved on 10% SDS–PAGE and transferred onto
0.45mm nitrocellulose membranes. The transferred membranes
were incubated overnight at 4°C with appropriate primary antibodies
diluted in 5% nonfat dry milk in Tris-buffered saline and Tween
(25mM Tris–HCl [pH 7.4], 125mMNaCl, 0.05% Tween-20), followed
by horseradish peroxidase-conjugated isotype-specific secondary
antibodies for 1 h at room temperature. The immune complexes were
detected by chemiluminescence (Supersignal West Pico; Pierce
Biotechnology) using a MyECL Imager (Thermo Scientific), and
quantified by imaging densitometry using ImageJ (NIH, Image
analysis using Java) digitizing software. Mean densitometry data
from independent experiments were normalized to the control.

IMMUNOPRECIPITATION
Immunoprecipitation was performed using the Pierce Classic
Magnetic IP/Co-IP Kit (Thermo Scientific). Briefly, after treatments,
cells were washed with PBS and lysed in IP lysis/wash buffer on ice
for 5min with periodic mixing. After centrifugation at 14,000g for

10min at 4°C, the supernatants were collected and the protein
content determined by BCA protein assay. Cleared lysates were
normalized and 200mg proteins were incubated with 2.5mg of anti-
Bcl-2 antibody (Santa Cruz Biotechnology) or Rabbit IgG antibody
overnight at 4°C. Pierce Protein A/G Magnetic Beads (25ml) were
repeatedly washed and collected with the magnetic stand before
being incubated with the antigen sample/antibody mixture for 1 h
with mixing. The immune complexes were eventually eluted with
100ml of elution buffer, and separated by 10% SDS–PAGE and
analyzed by Western blotting as described above. Whole cell lysates
(10%) were used as a positive control for the protein of interest.

MEASUREMENT OF Bcl-2 S-NITROSYLATION
Spectrofluorometry. S-nitrosylation of Bcl-2 was measured as
previously described [Azad et al., 2006]. In brief, cells were treated,
harvested, lysed, and subjected to immunoprecipitation as described
earlier. Equal volumes of immune complexes were resuspended in
500ml of PBS and incubatedwith HgCl2 (200mM) andDAN (200mM)
for 0.5 h in dark at room temperature followed by the addition of 1M
NaOH. Samples were then quantified using a Gen 5 2.0 All-In-One
Microplate Reader (BioTek Instruments, Inc.) at the excitation and
emission wavelengths of 375 and 450 nm, respectively.

S-NITROSYLATION (TMT) WESTERN BLOTTING
S-nitrosylation of Bcl-2 was alsomeasured using the S-nitrosylation
Western Blot kit (Pierce, Thermo Scientific). Briefly, treated cells
were lysed using HENS buffer and centrifuged at 10,000g for 10min
before performing BCA assay to determine protein concentration.
2ml of 1mMMMTSwas then added to each 100ml sample, vortexed,
and incubated for 30min at room temperature to block free cysteine
thiols. The protein was then precipitated with six volumes of pre-
chilled acetone. Samples were then centrifuged before incubation
with 1ml labeling reagent and 2ml of 1M sodium ascorbate for
1–2 h at room temperature. Samples were then separated by 10%
SDS–PAGE and analyzed by Western blotting as described above
using the anti-TMT antibody provided with the kit.

STATISTICAL ANALYSIS
The data represent means (�SEM) from three or more independent
experiments. Statistical analysis was performed by Student0s t-test at
a significance level of P< 0.05.

RESULTS

DIFFERENTIAL AUTOPHAGIC RESPONSE IN NON-TUMORIGENIC
VERSUS MALIGNANTLY TRANSFORMED LUNG CELLS
We characterized the autophagic response in both non-tumorigenic
Beas-2B cells and malignantly transformed B-Cr cells (see Materials
andMethods section) using fluorescence microscopy. While analysis
of the fluorescence images indicated a dose and time-dependent
increase in autophagy in both cell lines (Fig. 1A), the effect was more
pronounced in Beas-2B cells as compared to B-Cr cells. Interestingly,
autophagy is ablated and returns to control levels at the 24 h time-
point in Beas-2B cells. We have previously shown that Beas-2B cells
exposed to Cr(VI) for 24 h become apoptotic (evidenced by Hoechst
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dye staining), undergoing rapid cell death [Azad et al., 2010b].
Representative micrographs (Fig. 1B, middle panel) show that a
20mM Cr(VI) dose triggered significant amount of autophagic
vacuole formation in Beas-2B cells as compared to B-Cr cells and
control. Rapamycin (autophagy inducer) was used as a positive
control to indicate the effectiveness of the Cyto-ID dye to stain
autophagic cells. This was further confirmed by Western blot
analysis for specific autophagic proteins including Beclin-1, LC3,
and Atg12. Significantly higher levels of Beclin-1, LC3-II, and Atg12
proteins were detected in Beas-2B cells as compared to B-Cr cells
(Fig. 1C) in response to Cr(VI) treatment.

To further confirm the autophagy-inducing effect of Cr(VI), we
characterized autophagic flux by pre-treating Beas-2B and B-Cr
cells with Bafilomycin A1 and Chloroquine, two specific autopha-
gosome-lysosome late-stage autophagy inhibitors, followed by Cr
(VI) treatment for three different time-points. We then performed
Western blotting to analyze LC3-II and p62 (LC3-II-autophagosome
binding partner); two late stage autophagy protein markers. At the
6h time-point, an increase in LC3-II expression was observed in Cr
(VI)-treated cells over control (Fig. 2A and B) with Beas-2B cells

showing a more pronounced increase possibly due to the fact that
these cells are undergoing autophagy in response to Cr(VI)
treatment. The increase in protein expression clearly dissipated in
a time-dependent manner from 6 to 20 h. However, when the
autophagy inhibitors are introduced, both LC3-II and p62 expression
levels are increased as autophagy is arrested, and both proteins
accumulate in the autophagosome, unable to be degraded due to the
inhibitors. The inhibitors are not causing any accumulation of the
Beclin-1 protein at any of the time points where autophagy is
observed, further confirming that the lysomotropic inhibitors only
affect late stage autophagy. Overall, Figure 2 shows clearly byway of
autophagic flux that Cr(VI) treatment is indeed inducing autophagy
in these lung cells.

EFFECT OF THE APOPTOSIS REGULATORS Bcl-2 AND p38 ON
Cr(VI)-INDUCED AUTOPHAGY
We have previously shown that apoptosis is the primarymode of cell
death in response to Cr(VI) treatment, and that the mitochondrial
pathway is the major apoptotic pathway involved [Azad et al., 2006,
2008]. To investigate the potential crosstalk between autophagy and

Fig. 1. The initial autophagic response in Beas-2B and B-Cr cells. (A) Subconfluent (80%) monolayers of Beas-2B and B-Cr cells were treated with varying concentrations of Cr
(VI) (0–50mM) for different time points (0, 3, 6, 12, and 24 h) and analyzed for autophagic vacuole formation by fluorescence microscopy. Graphs represent the percentage of
stained autophagic vacuoles normalized to untreated control. (B) Representative fluorescence micrographs of Beas-2B and B-Cr cells treated with Cr(VI) (20mM) for 6 h and
stained with Cyto-ID dye. Rapamycin (2mM)was used as a positive control. (C) Beas-2B and B-Cr cells were treated with Cr(VI) (20, 50mM) for 6 h, and cell lysates were analyzed
for Beclin-1, LC3, and Atg12 protein expression. Ntx represents untreated controls. Data are mean� SEM (n¼ 4). �P< 0.05 versus Beas-2B or B-Cr untreated control.
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apoptosis, Bcl-2 and p38 protein levels were assessed in Beas-2B and
B-Cr cells treated with Cr(VI). While basal expression of phosphory-
lated p38 (P-p38) was higher in Beas-2B cells; basal expression of
Bcl-2 was significantly higher in B-Cr cells (Fig. 3A and B). Cr(VI)
treatment increased Bcl-2 and P-p38 expression in a dose-dependent
manner in both Beas-2B and B-Cr cells at 6 h. We evaluated the role
of Bcl-2 and p38 in mediating the autophagic process in response to
Cr(VI). Beas-2B and B-Cr cells were pre-treated with either ABT-737
(Bcl-2 inhibitor) or SB203580 (p38 inhibitor), and the effect on
autophagic-vacuole formation was analyzed. Both Bcl-2 and p38
inhibitors led to an increase in autophagic vacuole formation in
Beas-2B and B-Cr cells, suggesting an important role for these
proteins in autophagy (Fig. 3C and D). This result was validated by
evaluating Beclin-1 and LC3 protein levels by Western blotting after
cells were treated with ABT-737 and SB203580, respectively. Results
indicated upregulation in both Beclin-1 and LC3 levels in the
presence of inhibitors for Bcl-2 and p-38 in response to Cr(VI)
treatment (Fig. 3E and F).

NO INHIBITS THE AUTOPHAGIC RESPONSE IN Beas-2B AND B-Cr
CELLS
To determine the role of nitrosative stress in autophagy, cellular NO
levels were assessed using the DAF-DA fluorescent probe (Fig. 4A).
Cr(VI) induced significantly higher NO levels in B-Cr cells in
comparison to Beas-2B cells. Cells were then pre-treated with either
NO inhibitor Aminoguanidine (AG) or NO donor (DPTA NONOate)

and analyzed for autophagic vacuole formation. NO inhibition
resulted in increased autophagic vacuole formation in both Beas-2B
and B-Cr cells, while pre-treatment with NO donor DPTA NONOate
showed an opposite effect, which was more pronounced in Beas-2B
cells (Fig. 4B). Furthermore, pre-treatment with AG increased Beclin-
1 and LC3-II protein levels in both Beas-2B and B-Cr cells, while
DPTA NONOate pre-treatment led to a decrease in Beclin-1 and
LC3-II protein levels (Fig. 4C and D), suggesting a clear inhibitory
role for NO in mediating Cr(VI)-induced autophagy.

EFFECT OF NO MODULATORS ON Bcl-2 EXPRESSION
NO is known to independently inhibit autophagic pathways by
nitrosylating and thereby rendering key autophagic marker proteins
inactive [Stamler et al., 1992; Sarkar et al., 2011]. Since Bcl-2 was
observed to be a key player in autophagy and apoptosis in lung cells,
and we know from previous studies that S-nitrosylation of Bcl-2 can
alter its function [Azad et al., 2006], we evaluated whether
NO-mediated Bcl-2 S-nitrosylation could alter Cr(VI)-induced
autophagy. Beas-2B and B-Cr cells were treated with Cr(VI) and
NO modulators, and cell lysates were immunoprecipitated with anti-
Bcl-2 antibody followed by nitrosylation analysis using the anti-
TMT antibody provided with the S-nitrosylation Western blot kit.
This allowed for analysis of nitrosylation specific to Bcl-2 protein in
our samples. Treatment with Cr(VI) had a negligible effect on Bcl-2
S-nitrosylation compared to control, however Bcl-2 S-nitrosylation
was significantly enhanced byNO donor DPTANONOate (Fig. 5A). In

Fig. 2. Autophagic flux using bafilomycin A1 and chloroquine. (A) Beas-2B and (B) B-Cr cells were pre-treated with bafilomycin A1 (BAF, 10 nM) or chloroquine (CHL, 20mM)
for 1 h followed by Cr(VI) (20mM) treatment for three different time points (6, 12, and 20 h). Untreated cells and cells treated with Cr(VI) (20mM) only were utilized as negative
and positive controls. Cell lysates were collected and analyzed for Beclin-1, p62, and LC3 protein expression. Ntx represents untreated controls. Representative blots from three or
more experiments.
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contrast, NO inhibitor AG had a negative effect on Bcl-2
S-nitrosylation. It is well-established that Bcl-2 interacts and
complexes with Beclin-1 prior to autophagy [Wei et al., 2008]. This
interaction occurs through the BH3 domain of Beclin-1 and prevents
Beclin-1 from assembling the pre-autophagosomal proteins needed
for autophagy initiation. To determine the effect of Bcl-2 nitro-
sylation on Bcl-2–Beclin-1 interaction, Beas-2B and B-Cr cells were
treated with AG and DPTA NONOate along with Cr(VI) and
immunoprecipitated using anti-Bcl-2 antibody followed by Immu-
noblotting for Beclin-1 protein. Interestingly, an increase in Beclin-1
protein levels with DPTA NONOate pre-treatment and a decrease
with AG pre-treatment was observed, especially in Beas-2B cells
(Fig. 5B). This indicated that NO-mediated Bcl-2 nitrosylation may

have a direct effect on the Bcl-2–Beclin-1 binding complex,
regulating the amount of Beclin-1 protein that is tethered to Bcl-
2. Figure 5B also clearly shows that treatment of Beas-2B cells with
Cr (VI) results in a decrease in the amount of Beclin-1 protein bound
to Bcl-2 as compared to control, indicating the detachment of
Beclin-1 from the Bcl-2 complex to enter into the autophagy
initiation process.

S-NITROSYLATION OF Bcl-2 INCREASES RESISTANCE TO
AUTOPHAGY
To further elucidate the effect of Bcl-2 S-nitrosylation on autophagy,
we analyzed the effect of Bcl-2 inhibitor ABT-737 on Beclin-1
levels. Beas-2B and B-Cr cells were pre-treated with ABT-737,

Fig. 3. The role of Bcl-2 and p38 in autophagy. (A) Beas-2B and B-Cr cells were treated with Cr(VI) (20, 50mM) for 6 h, and cell lysates were analyzed for Bcl-2. (B) Beas-2B and
B-Cr cells were treated with Cr(VI) (20, 50mM) for 6 h, and cell lysates were analyzed for p-p38. Blots were reprobed for total p38 levels. (C) Beas-2B and B-Cr cells were pre-
treated with ABT-737 (1mM) for 1 h followed by Cr(VI) (20mM) treatment for 6 h and analyzed for autophagic vacuole formation by fluorescence microscopy. Graphs represent
the percentage of stained autophagic vacuole normalized to untreated control. (D) Beas-2B and B-Cr cells were pre-treated with SB203580 (10mM) for 1 h followed by Cr(VI)
(20mM) treatment for 6 h and analyzed for autophagic vacuole formation by fluorescence microscopy. Graphs represent the percentage of stained autophagic vacuole
normalized to untreated control. (E) Beas-2B and B-Cr cells were pre-treated with ABT-737 (1mM) or SB203580 (10mM) for 1 h followed by Cr(VI) (20mM) treatment for 6 h,
and cell lysates (30mg protein) were prepared and analyzed for Beclin-1, and (F) LC3. Ntx represents untreated controls. Densitometry was performed to determine the relative
protein levels after reprobing the membrane with b-actin antibody. Data are mean� SEM (n¼ 3). �P< 0.05 versus Beas-2B or B-Cr untreated control. #P< 0.05 B-Cr versus
Beas-2B cells.
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immunoprecipitated for Bcl-2 and analyzed for Beclin-1 and
S-nitrosocysteine (SNO-Cys) levels by Western blotting. While
ABT-737 treatment decreased Beclin-1 levels bound to Bcl-2, ABT-
737 treatment also resulted in a significant decrease in S-
nitrosocysteine expression in both Beas-2B and B-Cr cells
(Fig. 6A). Once again significantly more nitrosylation is observed
in B-Cr cells as compared to Beas-2B cells. This was confirmed using
spectrofluorometry, which showed a decrease in Bcl-2 S-nitro-
sylation fluorescence in both Beas-2B and B-Cr cells with ABT-737
pre-treatment (Fig. 6B). To confirm that NO-mediated S-nitro-
sylation of Bcl-2 may be an important mechanism in the Cr(VI)-
induced autophagic response, Beas-2B and B-Cr cells were trans-
fected with either wild-type (WT) Bcl-2, non-nitrosylable (C158A/
C229A) double-mutant (DM) Bcl-2, or pcDNA3 (control) plasmid,
and their effect on the autophagic response was assessed. Expression

levels of Beclin-1 and LC3-II were increased in both Beas-2B and
B-Cr cells transfected with DM Bcl-2, while S-nitroscysteine
expression was decreased (Fig. 6C). Spectrofluorometry data also
demonstrated a sharp decrease in S-nitrosylation in cells transfected
with the Bcl-2 DM plasmid in comparison to pcDNA3 and Bcl-2 WT
transfected cells (Fig. 6D).

FUNCTIONAL ROLE OF Bcl-2 IN AUTOPHAGY
To further establish the novel role of NO-mediated S-nitrosylation
of Bcl-2 in autophagy, cells were transfected with either si-Bcl-2,
Bcl-2 DM, Bcl-2 WT, or pcDNA plasmids. Western blot data
demonstrates that Beas-2B and B-Cr cells transfected with the
si-Bcl-2 or DM-Bcl-2 plasmids showed higher basal levels of
Beclin-1 and LC3-II proteins (Fig. 7A and B). Furthermore, Bcl-2
knockdown negated the effect of both NO donor (DPTA NONOate)

Fig. 4. NO inhibits the autophagic response. (A) Beas-2B and B-Cr cells were treated with Cr(VI) (20 and 50mM) for 3 h before NO levels were analyzed by spectrofluorometric
measurement of DAF fluorescence. Graphs represent relative fluorescence intensity over untreated control. (B) Beas-2B and B-Cr cells were pre-treated with AG (300mM) or
DPTA NONOate (400mM) for 1 h followed by Cr(VI) (20mM) treatment for 6 h and analyzed for autophagic vacuole formation by fluorescence microscopy. Graphs represent the
percentage of stained autophagic vacuole normalized to untreated control. (C) Beas-2B and B-Cr cells were pre-treated with AG (300mM) or DPTA NONOate (400mM) for 1 h
followed by Cr(VI) (20mM) treatment for 6 h, and cell lysates (30mg protein) were prepared and analyzed for Beclin-1 and (D) LC3 protein expression by Western blotting. Ntx
represents untreated controls. Densitometry was performed to determine the relative protein levels after reprobing the membrane with b-actin antibody. Data are mean� S.E.M
(n¼ 3). �P< 0.05 versus Beas-2B or B-Cr untreated control. #P< 0.05 B-Cr versus Beas-2B cells.
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and NO inhibitor (AG) on the expression of Beclin-1 and LC3-II
protein levels. The absence of significant S-nitroscysteine
expression in si-Bcl-2 or DM-Bcl-2 plasmid transfected cells
further indicates that nitrosylation of Bcl-2 may be an important
regulatory mechanism of autophagy, which may also regulate
Beclin-1 and LC3-II protein expression levels.

DISCUSSION

Autophagy is a tightly regulated lysosomal degradation mechanism
utilized by cells for maintaining homeostasis and particularly as a
response to stress. The two main autophagic pathways are spear-
headed by JNK1 and IKKb. In this study, our focus is on the JNK1
pathway that involves the Bcl-2 protein. It is reported that
phosphorylation of Bcl-2 leads to the dissociation of the Bcl-2-
Beclin-1 complex, allowing Beclin-1 to complex with Vps34
triggering the initiation of autophagosome formation [Thorburn,
2008; Mizushima and Levine, 2010]; a process that incorporates
LC3-II and several Atg-related proteins. We demonstrate that while
the prototypical autophagy proteins including LC3, Beclin-1, and the
Atg protein family are integral members of the autophagic pathway;
p38, Bcl-2, and NO are also critical players in the process. We
observed an increase in P-p38 in both Beas-2B and B-Cr cells, while

Bcl-2 expression increased in B-Cr cells (Fig. 3). Since Bcl-2 is also a
major anti-apoptotic protein that regulates apoptotic cell death
[Cleary et al., 1986], while also being a critical member of the
autophagy-apoptosis crosstalk within cells [Thorburn, 2008; Sarkar
et al., 2011; Zhou et al., 2011], this result indicates an interesting link
between autophagy and apoptosis.

Bcl-2 is considered an oncogene because overexpression of Bcl-2
within the cell, simultaneously with the downregulation of pro-
apoptotic genes, results in unchecked cell proliferation—a hallmark of
cancer progression. P38 is a mitogen-activated protein kinase that is
activated by cell stress signals, and is involved in apoptosis and
autophagy by phosphorylating key pathway members and also
transcription factors. There is publisheddata indicatingp38activation
in astrocytes leads to the direct inhibition of mTOR and subsequently
autophagy induction [Tang et al., 2008], while others have indicated
that p38 activation in hepatocytes can lead to the suppression of
autophagy-related proteolysis [Prick et al., 2006]. Resveratrol, a
known anti-cancer agent, has also been shown to induce apoptosis
and autophagy in T-cells by p38 MAPK activation [Ge et al., 2013].
Apoptosis analysis in our model showed an increase in apoptosis in
Cr(VI)-treated Beas-2B and B-Cr cells. This data was supported by a
similar trend seen inCaspase-9 activity in both Beas-2B andB-Cr cells
(data not shown). Our data indicates that autophagy can possibly lead
to programmed cell death as the cell stress continues to build. Most

Fig. 5. Effect of NO modulators on Bcl-2 expression. (A) Beas-2B and B-Cr cells were pre-treated with AG (300mM) or NONOate (400mM) followed by Cr(VI) (20mM)
treatment for 6 h and cell lysates (100mg protein) were prepared and immunoprecipitated with anti-Bcl-2 or control anti-Rabbit IgG antibody. The elutes and the input (10% of
the nuclear extracts) were analyzed for Bcl-2 S-nitrosylation by immunoblotting with the anti-TMT antibody provided with the S-nitrosylation Western Blot kit. Densitometry
was performed to determine the relative TMT levels after stripping and reprobing the membrane with anti-Bcl-2 antibody. (B) Beas-2B and B-Cr cells were pre-treated with AG
(300mM) or NONOate (400mM) for 1 h followed by Cr(VI) (20mM) treatment for 6 h and cell lysates were immunoprecipitated with anti-Bcl-2 or control anti-Rabbit IgG
antibody. The elutes and the input (10% of the nuclear extracts) were analyzed for Beclin-1 expression by immunoblotting. Ntx represents untreated controls. Densitometry was
performed to determine the relative Beclin-1 levels after reprobing the membrane with anti-Bcl-2 antibody. Data are mean� SEM (n¼ 4). �P< 0.05 versus untreated control.
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importantly, while the B-Cr cells are resistant to autophagy, the cells
eventually also enter into apoptosis with prolonged Cr(VI)-induced
carcinogenesis (Fig. 1A). Thiswas also evident at the 24h time point in
Beas-2B cells where autophagywas replaced by apoptosis in response
to Cr(VI) exposure. Analysis of both Beas-2B and B-Cr cells
demonstrates that the malignant cells express higher endogenous
levels of Bcl-2 but lower levels of total and phosphorylated form of
p38 (Fig. 3). This indicates a clear functional role for p38 in ourmodel
due to the high level of autophagy induced in B-Cr cells after pre-
treatment with SB203580 (p38 inhibitor). It is possible that p38 is
functioning to inhibit autophagy initiation in malignantly trans-
formed cells, which may be occurring simultaneously with the
induction of an apoptotic pathway. Furthermore pretreatment with
specific inhibitors of both Bcl-2 and p38 proteins resulted in a

significant increase in LC3-II-autophagic vacuole formation in both
Beas-2B and B-Cr cells (Fig. 3C and D). This fluorescence data was
corroborated withWestern blots showing an increase in Beclin-1 and
LC3-II expression in both Beas-2B and B-Cr cells (Fig. 3E and F).
Therefore, it is possible that without p38 activation and Bcl-2 to push
these stressed cells into apoptosis, they directly initiate the autophagic
process as the preferred stress response mechanism.

To establish that Cr(VI) is in fact inducing autophagy in Beas-2B
and B-Cr cells, we evaluated autophagic flux. We utilized two
well-defined and well-known lysosomotropic reagents that inhibit
autophagy by blocking lysosomal acidification and autophago-
some-lysosome fusion—Bafilomycin and Chloroquine [Brest et al.,
2011; Herzog et al., 2012] in pre-treatments for Beas-2B and B-Cr
cells before monitoring LC3-II and p62 turnover. Figure 2 shows

Fig. 6. S-nitrosylation of Bcl-2 in autophagy. (A) Beas-2B and B-Cr cells were pre-treated with ABT-737 (1mM) for 1 h followed by Cr(VI) (20, 50mM) treatment for 6 h. Cell
lysates were immunoprecipitated with anti-Bcl-2 or control anti-Rabbit IgG antibody. The elutes and the input (10% of the nuclear extracts) were analyzed for Beclin-1 and S-
nitrosocysteine (SNO-Cys) expression by immunoblotting. Membranes were stripped and reprobed with anti-Bcl-2 antibody for control. (B) Bcl-2 immunoprecipitates from
above were analyzed for S-nitrosylation by Spectrofluorometry. Graphs represent relative fluorescence intensity over untreated control. (C) Beas-2B and B-Cr cells were
transfected with pcDNA3, WT, and DM Bcl-2 plasmids respectively for 36 h followed by Cr(VI) (20mM) treatment for 6 h and cell lysates were analyzed for Beclin-1, LC3 I/II, and
S-nitrosocysteine (SNO-Cys) using Western blotting. (D) Beas-2B and B-Cr cells were transfected with pcDNA3, WT, and DM Bcl-2 plasmids respectively for 36 h followed by Cr
(VI) (20mM) treatment for 6 h and cell lysates were analyzed for S-nitrosylation by Spectrofluorometry. Ntx represents untreated controls. Graphs represent relativefluorescence
intensity over untreated control. Data are mean� SEM (n¼ 3). �P< 0.05 versus untreated control. #P< 0.05 Beas-2B/B-Cr cells (treated with ABT) versus Beas-2B/B-Cr cells
(no ABT treatment).
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that at the 6h time point, Cr(VI) treatment results in a significant
increase in expression of LC3-II, which reverts to baseline levels at
20h indicating completion of the autophagy process which
culminates in the degradation of LC3-II and p62 in the
autophagolysosome. The degradation of LC3-II and its binding
partner p62 over time is also a clear indicator of autophagic flux
[Mizushima et al., 2010]. Furthermore, inhibition of LC3-II and p62
degradation by both autophagic inhibitors causes accumulation of
both proteins at various time points, confirming the autophagic
response observed in Figure 1.

The effect of NO modulators on autophagy and related proteins
was determined by co-treating cells with autophagic inhibitors and a

similar time-course analysis of LC3-II and p62 expression was
performed (data not shown). Both Beas-2B and B-Cr cells pre-treated
with AG and autophagy inhibitors showed accumulation of p62 and
LC3-II for all three time points, thereby establishing autophagic flux
similar to that seen in Figure 2. In contrast, pre-treatment with the
NO donor NONOate has minimal effect on LC3-II and p62 levels as
expected, even with the addition of the autophagy inhibitors. As
shown in Figure 4, AG and NONOate induce and downregulate
autophagy respectively, without accumulation or turnover of LC3-II
and p62 when the autophagy inhibitors are added.

NO is an important cellular signaling molecule involved in many
physiological and pathological processes. While NO-mediated

Fig. 7. Functional role of Bcl-2 in autophagy. (A) Beas-2B and (B) B-Cr cells were transfectedwith pcDNA3,WT, DM and si-Bcl-2 plasmids respectively for 36 h followed by pre-
treatment with AG (300mM) or NONOate (400mM) for 1 h and Cr(VI) (20mM) treatment for 6 h. Cell lysates were collected and analyzed for Beclin-1, LC3 I/II, Bcl-2, and S-
nitro-Cysteine using Western blotting. Ntx represents untreated controls. Densitometry was performed to determine the relative protein levels after reprobing the membrane
with b-actin antibody. Representative blots from three or more experiments.
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S-nitrosylation of JNK1 and IKKb is well documented as a known
autophagy inhibitor, S-nitrosylation of Bcl-2 has only been linked to
its role as an anti-apoptotic protein [Azad et al., 2008, 2010b]. The
resistance of B-Cr cells to autophagy may in part be due to their
elevated levels of Bcl-2 and NO expression, which can in turn lead to
the S-nitrosylation of Bcl-2 [Azad et al., 2010a]; a process that we
demonstrate is required to stabilize the Beclin-Bcl-2 complex, thereby
preventing Beclin-1 release which is required for autophagy
initiation. This is the first known study to demonstrate that NO-
mediated S-nitrosylation of Bcl-2 directly affects the interaction
between Beclin-1 and Bcl-2 that occurs prior to autophagy initiation
(Fig. 5B). NO levels were shown to be significantly higher in B-Cr cells
(Fig. 4A). Treatment with NO inhibitor AG led to a positive effect on
autophagic vacuole formation, while the NO donor DPTA NONOate
inhibited autophagy specifically in Beas-2B cells (Fig. 4A and B). The
same resultwasobserved at the protein level; bothBeclin-1 and LC3-II
expression levels increased with AG treatment and decreased with
NONOate treatment (Fig. 4C and D). These results clearly indicate that
NO functions within our model in an anti-autophagic role.

To determine if Bcl-2 S-nitrosylation is responsible for the anti-
autophagic response of NO, cells were treated with AG and DPTA
NONOate prior to Cr(VI) and assayed for S-nitrosylation specific to
Bcl-2 by immunoprecipitating cell lysates with anti-Bcl-2 antibody.
Figure 5 demonstrates an increase in Bcl-2 S-nitrosylation in both
Beas-2B and B-Cr cells when pre-treated with DPTA NONOate. There
was also a significant increase in Beclin-1 levels in cell lysates
immunoprecipitated usingBcl-2 antibody, while Cr(VI) treatmentwas
able to reduce Beclin-1 levels possibly by initiating some level of
autophagic activation. Furthermore, inhibition of Bcl-2 decreased
Beclin-1 levels in both Beas-2B and B-Cr cells, and had a negative
effect on the level ofS-nitrosylationobserved supporting the data that
the nitrosylation observed in Beas-2B and B-Cr cells is specific to Bcl-
2 protein (Fig. 6). Furthermore, we show that the S-nitrosylation
observed using the S-nitrocysteine antibody is specific to Bcl-2 by
transfecting cells with a Bcl-2 mutant plasmid that had mutations of
cysteines at both residues 158 and 229, rendering it incapable of S-
nitrosylation [Azad et al., 2006, 2010b]. Transfection with Bcl-2 DM
plasmid led to the ablation (Beas-2B cells) or a significant decrease (B-
Cr cells) in S-nitrocysteine expression, which was corroborated by
Spectrofluorometric analysis (Fig. 6C and D). We also utilized a Bcl-2
knockdown plasmid, si-Bcl-2. Figure 7 demonstrates that in the
absence of Bcl-2, Beclin-1 and LC3 expression is increased in both
Beas-2B and B-Cr cells and the effects previously seen with NO donor
and inhibitor pre-treatmentwerenullified.S-nitrocysteine expression
was significantly inhibited with si-Bcl-2, indicating that the nitro-
sylation is specific for Bcl-2 protein in our system, similar to the
observation in Figure 6C. While the role of Bcl-2 S-nitrosylation in
apoptosis regulation is well understood [Azad et al., 2006; Iyer et al.,
2008], we showhere that Bcl-2S-nitrosylation is critical in autophagy
as well. Given the involvement of p-38 MAPK activity in our system,
NO-mediated nitrosylation of Bcl-2 may be linked with the JNK-1
autophagy pathway, revealing a novel mechanism of autophagy
regulation downstream of JNK1.

In summary, our data provides evidence that Bcl-2 is a key player in
Cr(VI)-induced autophagy in lung epithelial cells. Additionally, NO
through its ability to nitrosylate Bcl-2, plays an important role as a

negative regulator of autophagy by increasing Bcl-2 stability and its
interactionwithBeclin-1 (Fig. 8). In demonstrating the importanceofS-
nitrosylation of Bcl-2 in the regulation of autophagic protein
expression, we document a novel layer of autophagy regulation, which
may represent an important mechanism in cancer development and
progression, and may have important implications in carcinogenesis
and its prevention. If cancer cells are able to utilize autophagy as a cell
survivalmechanism, itwouldbe interesting todetermine the role ofBcl-
2 and NO along with p38 MAPK signaling in this process. Targeting
these proteins in conjunction with more traditional therapies may pave
the way for novel preventive and therapeutic strategies in lung cancer.
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