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Abstract

Arsenic is an environmental carcinogen, its mechanisms of carcinogenesis remain to be
investigated. Reactive oxygen species (ROS) are considered to be important. A previous study
(Carpenter et al., Biochem. Biophys. Res. Commun. 414:533-538, 2011) has measured ROS level
in human lung bronchial epithelial (BEAS-2B) cells and arsenic-transformed BEAS-2B cells and
found that ROS levels were higher in transformed cells than that in parent normal cells. Based on
these observations, the authors concluded that cell transformation induced by arsenic is mediated
by increased cellular levels of ROS. This conclusion is problematic because this study only
measured the basal ROS levels in transformed and parent cells and did not investigate the role of
ROS in the process of arsenic-induced cell transformation. The levels of ROS in arsenic-
transformed cells represent the result and not the cause of cell transformation. Thus question
concerning whether ROS are important in arsenic-induced cell transformed remains to be
answered. In the present study, we used expressions of catalase (antioxidant against H,O5) and
superoxide dismutase 2 (SOD2, antioxidant against O,"") to decrease ROS level and investigated
their role in the process of arsenic-induced cell transformation. Our results show that inhibition of
ROS by antioxidant enzymes decreased arsenic-induced cell transformation, demonstrating that
ROS are important in this process. Moreover, we have also shown that in arsenic-transformed
cells, ROS generation was lower and levels of antioxidants are higher than that in parent cells, in a
disagreement with the previous report. The present study has also shown that the arsenic-
transformed cells acquired apoptosis resistance. The inhibition of catalase to increase ROS level
restored apoptosis capability of arsenic-transformed BEAS-2B cells, further showing that ROS
levels are low in these cells. The apoptosis resistance due to the low ROS levels may increase cells
proliferation, providing a favorable environment for tumorigenesis of arsenic-transformed cells.
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1. Introduction

Epidemiologic studies have shown that long-term exposure to inorganic arsenic induces
lung, skin, liver, and bladder cancers [1-6]. Human exposure to arsenic-containing drinking
water is a world-wide environmental health concern. In United States, nearly 3.7 million
individuals drink water from private wells in which the arsenic contamination in water is
higher than that of US EPA standard (10 ppb) [7]. Although the mechanism of arsenic-
induced carcinogenesis remains to be investigated, arsenic-induced generation of reactive
oxygen species (ROS) is considered to be important [8-21]. ROS refer to a diverse group of
reactive, short-lived, oxygen containing species, such as superoxide radical (O,°7), H,0,,
and hydroxyl radical ("OH). ROS have been conventionally regarded as having carcinogenic
potential and have been associated with tumor initiation and promotion [22]. Cellular
systems are protected from ROS-induced cell injuries by an array of defenses composed of
various antioxidants with different functions. When the ROS present in the cellular system
overpower the defense systems, they will cause oxidative injuries, leading to the
development of various diseases, including cancer. Increasing evidences suggest that
exposure of arsenic results in the generation of ROS [21]. ROS production has been reported
in various cellular systems exposed to arsenite at various concentrations, including in U937
cells [23], human vascular smooth muscle cells [24], human-hamster hybrid cells [25],
vascular endothelial cells [26], HEL30 cells [27], NB4 cells [28], CHO-K1 cells [29], and
human lung bronchial epithelial BEAS-2B cells [30].

Various studies have suggested that NADPH oxidase (NOX) may be the primary source for
the generation of O,°™ [31, 32]. Arsenic is not only able to induce expressions of NOX
components including p47, p67, p91, and several scaffolding protein for the assembly of this
complex [31] but also able to stimulate enzyme activity of NOX by inducing
phosphorylation and translocation of p47 [33]. Although it has been generally viewed that
ROS are the key mediators for arsenic-induced carcinogenesis through oxidative stress, the
role of ROS in arsenic-induced malignant transformation has not been reported. The link
between ROS and arsenic-induced cell transformation has not established. With an attempt
to establish this linkage, a previous study has measured the ROS levels in BEAS-2B cells
and arsenic-transformed ones [34]. This study found that the basal levels of ROS were
higher in transformed cells than that in parent cells. Based on these observations, the authors
concluded that cell transformation induced by arsenic is mediated by increased cellular
levels of ROS. The problem with this conclusion is that the authors only measured the basal
ROS levels in transformed and parent cells and did not investigate the role of ROS in the
process of arsenic-induced cell transformation. The levels of ROS in arsenic-transformed
cells represent the result and not the cause of cell transformation. Thus question concerning
whether ROS are important in arsenic-induced cell transformed remains to be answered. In
order to answer this important question, we used expressions of catalase (antioxidant
enzyme against H,0O5) and superoxide dismutase 2 (SOD2, antioxidant enzyme against

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 January 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 3

0,°7) to decrease the levels of ROS and investigated their role in arsenic-induced cell
transformation. The results of higher basal levels of ROS in arsenic transformed BEAS-2B
cells than that in parent cells reported in the previous study [34] are contradictory to what
we obtained in our previous study [30]. The ROS status in transformed cells is very
important to understand the mechanism of tumorigenesis of these cells. In the present study,
we have also examined the ROS levels in both arsenic transformed cells and their present
cells.

2. Material and methods

2.1.Chemicals and reagents

Sodium arsenite (Na2AsQ5,), apocynin, 5,5-dimethyl-1-pyrroline-1-oxide (DMPO), and
Annexin V/Propidium iodide (P1) were purchased from Sigma (St Louis, MO). Both 5-(and
-6)-chloromethyl-2, 7-dichlorodihydrofluorescein diacetate, acetyl ester (DCFDA) and
dihydroethidium (DHE) were purchased from Molecular Probes (Eugene, OR).
Manganese(l11) tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPYP) was purchased from
Cayman Chemical (Ann Arbor, MI). Plasmids DNA encoding human catalase and SOD2
and catalase shRNA were purchased from Origene (Rockville, MD). Antibody against
SOD2 was purchased from Millipore (Billerica, MA). Antibodies against catalase, C-PARP,
C-Caspase-3, and Bcl-2 were from Cell Signaling Tech (Danvers, MA).

2.2. Cell culture and arsenic exposure

Human bronchial epithelial (BEAS-2B) cells (ATCC, Rockville, MD) were cultured in
DMEM supplemented with 10% FBS, 2mM L-glutamine, and 5% penicillin/streptomycin at
37°C in a humidified atmosphere with 5% CO,. For short-term exposure of arsenic,
BEAS-2B cells were grown to 80-90% confluent, then cell culture medium containing 0.1%
FBS was added for overnight followed by arsenic treatment as indicated incubation time and
doses. Antioxidants or inhibitors were pretreated to the cells 2 hrs prior to arsenic treatment
as designated. BEAS-2B cells with stably expressing catalase and SOD2 were generated by
transfection of catalase or SOD2 plasmid to the cells followed by antibiotics G418 selection.

2.3. H,O5 and O,°~ generation

H,0, and O,"~ generations were examined using the fluorescent dye DCFDA and DHE,
respectively, as described previously [35]. The cells were cultured in 96-well plates with
5x104 cells/well. The cells were treated with 5 pM of arsenic for 6 hrs and then incubated
with DCFDA or DHE (final concentration, 10 uM) for 20 min at 37°C. Fluorescence
intensity was measured using a Gemini XPS fluorescence microplate spectrofluorometer
(Molecular Devices).

2.4. Electron spin resonance (ESR) assay

ESR measurement was conducted using a Bruker EMX spectrometer (Bruker Instruments,
Billerica, MA) and a flat cell assembly. The intensity of the ESR signal is used to measure
the amount of hydroxyl radical generation. DMPO was used as spin or radical trap. DMPO
was charcoal purified and distilled to remove all ESR detectable impurities before use.
Hyperfine couplings were measured (to 0.1 G) directly from magnetic field separation using
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potassium tetraperoxochromate (K3CrQOg) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) as
reference standard. Reactants were mixed in test tubes to a total final volume of 0.5 mL. The
reaction mixture was then transferred to a flat cell for ESR measurement.

2.5. NOX activity assay

NOX activity was measured by the lucigenin enhanced chemiluminescence method as
described [35]. Briefly, cultured cells were homogenized in lysis buffer followed by
centrifugation to remove the unbroken cells and debris. 100 pL aliquot of homogenates were
added to 900 pL of 50mM phosphate buffer. Relative light units of photon emission was
measured in Glomax luminometer (Promega).

2.6. Arsenic-induced cell transformation

BEAS-2B cells or BEAS-2B cells with overexpression of catalase or SOD2 were treated
with 0.25 uM arsenic. The fresh medium was added for every 3 days. After 24 weeks, 1x10%
cells were suspended in 2 mL culture medium containing 0.35% agar and seeded into 6-well
plates with 0.5 % agar base layer, and maintained in an incubator for 4 weeks. The cells
were stained with 1 mg/mL iodonitrotetrazolium violet, and colonies greater than 0.1 mm in
diameter were scored by microscope examination.

The arsenic-transformed cells from anchorage-independent colonies were picked up and
continued to grow in DMEM. Passage-matched cells without arsenic treatment were used as
control.

2.7. Immunoblotting analysis

Cell lysates were prepared in RIPA buffer. The protein concentration was measured using
Bradford Protein Assay Reagent (Bio-Rad) and 30 pg of protein was separated by SDS-
PAGE, and incubated with primary antibodies. The blots were then re-probed with second
antibodies conjugated to horseradish peroxidase. Immunoreactive bands were detected by
the enhanced chemiluminescence reagent (Amersham).

2.8. Apoptosis analysis

Annexin V-fluorescein isothiocyanate (FITC)/PI double staining was used to measure
percentile of apoptosis. Briefly, the cells were treated with arsenic at 2.5, 5, 10 uM for 24
hours. The cells were digested with 0.25% trypsin/EDTA followed by re-suspension in
binding buffer and addition of Annexin V-FITC/PI. The apoptotic cells were measured using
flow cytometry.

3. Results

3.1.Arsenic increases ROS production

Our previous study has demonstrated that exposure of BEAS-2B cells to arsenic is able to
induce actin filaments reorganization, activate Cdc42 and NOX, and generate O,"~ [8]. In
the present study, we measured ROS generation in the cells treated with 5.0 uM of arsenic
for 6 hrs with or without catalase (CAT, H,0, scavenger), MnTMPyP, cell permeable
superoxide dismutase (SOD) mimetic (O,°~ scavenger), or apocynin (APO, NOX inhibitor).
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The results show that arsenic caused generation of O,"~ (Fig. 1A). Pretreatment with
MnTMPyP decreased O,°~ generation induced by arsenic. A similar result is observed when
the cells were pretreated with apocynin, an inhibitor of NOX (a major ROS generating
enzyme in arsenic-treated cells) [35], indicating the involvement of NOX in arsenic-induced
05"~ generation (Fig. 1A). To avoid the possible non-specificity of DCFDA for
measurement of H,O,, we used catalase, a specific HyO5 inhibitor. Our results show that
catalase decreased DCFDA fluorescence intensity by 50% compared to control without
treatment (Fig. 1B), indicating the H,O5 generation. Our results also show that arsenic
increased H,0, generation by 3 fold compared to control and that pretreatment of the cells
with either catalase or apocynin decreased arsenic-induced H,O» generation (Fig. 1B),
suggesting that HoO, was generated and NOX is responsible for arsenic-induced H,02
generation. We have also measured *OH generation using ESR spin trapping. The results
showed that arsenic was able to generate «OH. Addition of catalase blocked «OH generation
induced by arsenic (Fig. 1C). NOX activity was increased 2-fold in arsenic treated cells
compared to control without arsenic treatment (Fig. 1D). Taking together, the results suggest
that activation of NOX is required for ROS generation induced by arsenic.

induces cell transformation and the role of ROS

The transformative capability of arsenic has long been established in several types of
mammalian cells [36]. To determine whether ROS are responsible for arsenic-induced
transformation, BEAS-2B cells and their genetic variety with over-expressing SOD2 or
catalase were chronically treated with 0.25 uM of arsenic for 24 weeks. Anchorage-
independent cell growth was evaluated for cell transformation. As shown in Fig. 2, chronic
exposure to arsenic caused cell transformation. The cells with over-expression of catalase or
SOD?2 decreased the number of colonies formed. These results indicate that arsenic is able to
induce cell transformation, and that ROS are important in this process.

3.3. Reduced capability of ROS generation in the arsenic-transformed cells

To determine whether ROS generating capacity was altered in arsenic-transformed cells, we
measured ROS generation in arsenic-transformed cells and parent cells exposed to 5 uM of
arsenic for 6 hrs. O,"~ and H,O, generation were determined by DHE and DCFDA staining
described in the legends of Figs. 1A and 1B. Both O, and H,O, generations in normal
cells were double compared to that in arsenic-transformed cells (Figs. 3A and 3B). To probe
the mechanism of reduced ROS generation in arsenic-transformed cells, we measured
cellular levels of catalase and SOD2, the two important key antioxidant enzymes. As shown
in Fig. 3C, both catalase and SOD2 were up-regulated in arsenic-transformed cells
compared to that of non-transformed ones, indicating that constitutive activation of catalase
or SOD?2 in arsenic-transformed cells protects cells from exotic oxidative stress.

3.4.Resistance to apoptosis of arsenic-transformed cells and restoration of apoptosis by
inhibition of catalase

Previous studies have shown that ROS are inducers for apoptosis [37-39]. We hypothesize
that the reduced capability of arsenic-transformed cells to generate ROS may contribute to

development of resistance to apoptosis of these calls. Resistance to apoptotic cell death and
increased cell survival in response to genotoxic insults are key characteristics of cancer
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cells. To test whether arsenic-transformed cells possess these properties, we analyzed
apoptosis in response to further arsenic treatment. The results show a decreased apoptotic
response to arsenic in arsenic-transformed BEAS-2B cells compared to non-transformed
parent cells (Fig. 4A). Further investigation demonstrates that arsenic-transformed cells
exhibited reduced levels of apoptotic proteins, cleaved poly(ADP-ribose) polymerase (C-
PARP) and cleaved caspase 3 (C-Caspase 3), and elevated expression of anti-apoptotic
protein Bcl-2 (Fig. 4B).

ROS are apoptosis-inducing agents [37-39]. The observed apoptosis resistance of arsenic-
transformed cells is likely due to decreased ROS generation or/and increased antioxidant
expression. We used catalase ShRNA to decrease the activity of catalase and increase H,0,.
The results show that inhibition of catalase restored the capability of apoptosis of arsenic-
transformed cells (Fig. 4C). These results also support the conclusion in the previous section
(Section 3.3.) that the catalase level is high and H,05 is low in arsenic-transformed
BEAS-2B cells.

4. Discussion

The present study shows that BEAS-2B cells stimulated by arsenic generate ROS, which
were identified as O,"~, H,0,, and *OH using antioxidant inhibition and ESR spin trapping.
These results are in agreement with those reported previously [34]. Although ROS are
considered important in arsenic-induced carcinogenesis, there is no convinced evidence to
demonstrate it. Cell transformation assay is a widely used approach to identify
carcinogenetic properties of a particular carcinogen. Arsenic has been shown to cause
transformation of BEAS-2B cells [30, 34]. These arsenic-transformed cells are able to cause
tumorigenesis [30]. Using arsenic-transformed cells, a recent study has shown that arsenic
transformed cells have increased basal levels of ROS, which in turn activate AKT, ERK1/2,
and p70S6K1[34]. Forced expression of catalase reduced activations of AKT, ERK1/2, and
p70S6K1 and inhibited proliferation and anchorage-independent growth of arsenic
transformed cells. Based on these observations using arsenic-transformed cells, this study
[34] has concluded that arsenic-induced cell transformation is mediated via ROS and ROS-
activated signaling pathways. As discussed below, this conclusion is problematic. The study
did not examine the role of ROS nor their target proteins, AKT, ERK1/2, and p70S6K1 in
the process of arsenic induced cell transformation. The investigators did not alter the cellular
levels of ROS to examine their effect on arsenic-induced cell transformation. Instead, the
authors measured the basal levels of ROS and their target signaling proteins, AKT, ERK1/2,
and p70S6K1 in the transformed cells. The basal levels of ROS in arsenic-transformed cells,
regardless low or high, only represent the results rather than the cause of arsenic-induced
cell transformation. In other word, the question concerning whether ROS or their down-
stream proteins, AKT, ERK1/2, and p70S6K1 play a role in the mechanism of arsenic-
induced cell transformation was not answered by this previous study [34]. In our present
study, we used BEAS-2B cells with expressing SOD2 or catalase to decrease the levels of
ROS during the chronic arsenic treatments of the cells (24 weeks). The cell transformation
as indicated by anchorage-independent cell growth was evaluated for the deference between
chronic arsenic treated cells with antioxidant expressions and these without antioxidant
expressions. The decreased cell transformation of the cells with antioxidant expressions or
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decrease levels of ROS shows that ROS are important in the mechanism of arsenic-induced
BEAS-2B cell transformation.

The higher basal levels of ROS in arsenic transformed BEAS-2B cells than that in parent
non-transformed cells reported in this previous study [34] are contradictory to what we
obtained in our previous [30] and the present studies. In our previous study, we provided
evidence that the capacity of ROS generation is severely compromised in the arsenic-
transformed cells [30]. In present study, we have shown that basal levels of ROS in arsenic-
transformed BEAS-2B cells are lower than that in parent cells. In consistence, we have
shown that the levels of two major antioxidant enzymes, catalase and SOD2, were elevated
in arsenic-transformed BEAS-2B cells. We have also found that Nrf2, a maser antioxidant
regulative protein, was constitutively activated in arsenic-transformed cells (data not
shown), indicating that the higher levels of catalase and SOD are likely due to the
constitutive activation of Nrf2 in arsenic-transformed cells. In agreement with increased
levels of antioxidant and decreased levels of ROS, we have observed the development of
apoptosis resistance in arsenic-transformed BEAS-2B cells. Because ROS are inducers for
apoptosis [37-39], the observed apoptosis resistance of arsenic-transformed cells is in
agreement with the low levels of ROS in these cells. Additional support of low levels of
ROS in arsenic-transformed cells in our present study is that inhibition of catalase restored
the apoptosis capability of these transformed cells. Although we are unable to figure out
exact reason for the reported elevation ROS levels [34], we believe that the arsenic-
transformed BEAS-2B cells used in the study are likely not fully transformed.

In summary, we used expressions of catalase and SOD as approaches to decrease levels of
ROS and investigated their role in the process of arsenic-induced cell transformation.
Inhibition of ROS by antioxidant enzymes decreased arsenic-induced cell transformation,
demonstrating that ROS are important in this process. In arsenic-transformed BEAS-2B
cells, the levels of ROS are sharply reduced and the levels of antioxidants are much higher
than that in parent cells. Due to the decrease of ROS levels, the arsenic-transformed cells
acquired apoptosis resistance. The inhibition of catalase to increase ROS levels restored
apoptosis capability of arsenic-transformed BEAS-2B cells, further showing that the ROS
levels are low in these cells. The apoptosis resistance due to the low ROS levels may
increase cells proliferation, providing a favorable environment for tumorigenesis of arsenic-
transformed cells.
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Arsenic induces ROS generation. Generation of O, (A) and H,0O5 (B) were determined by
staining the cells with DHE and DCFDA, respectively, by fluorescence spectrofluorometer

analysis. BEAS-2B cells were pretreated with either MNTMPYyP, catalase (CAT), or

apocynin (APO) for 2 hrs followed by arsenic treatment for 6 hrs. (C) generation of «OH. (a)
ESR spectrum was recorded from a mixture containing 100 mM DMPO and BEAS-2B cells.
(b) same as (), but with 1 mM arsenic. (c) same as (b), but with catalase (CAT, 5,000 U/
mL). (D) NADPH activity. * and #, p<0.05 compared to control without treatment and
arsenic treatment, respectively.
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Fig. 2.
Arsenic-induced cell transformation and the role of ROS. BEAS-2B cells were stably

transfected with catalase or SOD2 plasmid. BEAS-2B cells and their stable expressing ones
were treated with 0.25 pM arsenic for 24 weeks. Cell transformation assay was conducted.
Colonies > 0.1 mm in diameter were counted. Control, BEAS-2B cells without arsenic
treatment; As, arsenic-treated cells; As+CAT, arsenic-treated cells with over-expression of
catalase; and As+SOD?2, arsenic- treated cells with overexpression of SOD2. * and #, p <
0.05 compared to control and arsenic treatment, respectively.
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Fig. 3.
Increased antioxidant expression and reduced capability of ROS generation in the arsenic-

transformed cells. Generations of O,*~ (A) and H,0, (B) were determined in arsenic-
transformed cells (BEAS-2B-As) and their passage-matched non-transformed cells
(BEAS-2B) by staining with DHE and DCFDA as described by Fig. 1, followed by
fluorescence spectrofluorometer measurement. C, BEAS-2B-As and BEAS-2B cells were
seeded in 10-cm cell culture dishes. The whole cell lysates were collected for
immunoblotting. Expressions of catalase and SOD2 were examined.
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Fig. 4.
Resistance to apoptosis of arsenic-transformed cells and restoration of apoptosis by

inhibition of catalase expression. (A) and (B) BEAS-2B-As and BEAS-2B cells were seeded
into 6-well culture plates. Cells were treated with different concentrations of arsenic for 24
hrs. (A) The percentage of apoptotic cells was measured using flow cytometry. Data are
meanxSD (n=6). * p< 0.05 compared to non-transformed cells. (B) Whole cell lysates were
collected for immunoblotting analysis. Expression levels of C-PARP, C-caspase 3, and
Bcl-2 were measured. (C) BEAS-2B-As were transfected with either scramble or catalase
shRNA for 24 hrs. BEAS-2B, scramble arsenic-transformed (BEAS-2B-As Scramble), and
shRNA catalase arsenic-transformed (BEAS-2B-As-shRNA CAT) cells were treated with 10
UM arsenic for 24 hrs followed by apoptosis analysis. Data are mean£SD (n=6). * and #, p <
0.05 compared to the BEAS-2B cells and BEAS-2B-As-shRNA CAT without arsenic
treatment, respectively.
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