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Arsenite Causes Down-Regulation of Akt and
c-Fos, Cell Cycle Dysfunction and Apoptosis in
Glutathione-Deficient Cells
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ABSTRACT
Arsenic is a well-known environmental toxicant but the mechanism by which it causes cytotoxicity is poorly understood. Arsenite induces

apoptosis in glutathione (GSH)-deficient GCS-2 cells by causing cell cycle dysfunction and down-regulating critical signaling pathways. This

study was designed to examine the effect of arsenite on redox-sensitive phosphatidylinositol 3-kinase (PI3K)/Akt, a signaling pathway

involved in cell survival and growth, and transcription factor, activating protein-1 (AP-1). Arsenite significantly diminished Akt and c-Fos

levels and caused accelerated degradation of these proteins by ubiquitnation. Arsenite also induced cell cycle arrest and apoptosis. The cell

cycle arrest involved the down-regulation of cyclin A2, cyclin D1, cyclin E, cyclin dependent kinases (CDK) 2, CDK4, and CDK6. Apoptosis

involved down-regulation of anti-apoptotic proteins Bcl-2, Bcl-xL, survivin, and inhibitor of apoptosis protein (IAP) and up-regulation of

pro-apoptotic protein Bax. Taken together, our results suggest that a possible mechanism of arsenite-induced toxicity under low/no GSH

conditions, is to negatively regulate GCS-2 cell proliferation by attenuating Akt and AP-1 by ubiquitination and causing cell cycle

dysfunction and apoptosis. J. Cell. Biochem. 110: 363–371, 2010. � 2010 Wiley-Liss, Inc.
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A rsenic, a well-documented cytotoxin and a human

carcinogen, has been linked to hyperkeratosis, cancer of

the bladder, skin, and lung, and cardiovascular disorders [Kitchin,

2001; IARC, 2003; Kligerman and Tennant, 2007]. Arsenicals act as

environmental carcinogens and as therapeutic agents in the

treatment of cancer [Kitchin, 2001; Verstovsek et al., 2006; Thomas,

2007]. How chronic exposure to arsenic, causes cancer, cell cycle

arrest, cell injury and cell death, and the molecular mechanisms

involved in arsenic toxicity remain incompletely understood.

Thiol-containing compounds play a vital role in many

biologically significant reactions. Of these, GSH, a principal non-

protein intracellular thiol, is present in millimolar concentrations in

many organs [Kosower and Kosower, 1978; Meister, 1988]. GSH acts

as an antioxidant and is believed to protect cells against toxins and

xenobiotics through the formation of GSH conjugates [Lieberman

et al., 1995; Ballatori et al., 1998; Kala et al., 2004]. GSH also plays

an important role in signaling pathways involving reactive oxygen

species [Allen and Tresini, 2000; Dickinson and Forman, 2002].
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PI3K/Akt signaling pathway has been regarded as one of the vital

pro-survival pathways in the cell [Alessi et al., 1997; Maddika et al.,

2008]. Many types of stimuli including toxic insults activate Akt and

that in turn regulates basic cellular functions such as growth,

proliferation, transcription, translation, cell cycle, and apoptosis

[Alessi et al., 1997; Nimbalkar et al., 2003; Ruggero and Sonenberg,

2005; Maddika et al., 2008; Yuan and Cantley, 2008]. Although

many studies support the role of PI3K-Akt pathway in cell

proliferation and cell survival, PI3K pathway has also been

implicated in the promotion of cell death [Duronio, 2008; Marone

et al., 2008]. Other than cell survival, Akt pathway also regulates cell

cycle progression at G1-S and G2-M phases by either phosphor-

ylating directly or regulating the expression indirectly of various

substrates including cyclin D family [Chang et al., 2003; Liang and

Slingerland, 2003]. CDKs (CDK2, CDK4, CDK6), members of the

serine/threonine family of cyclin dependent kinases are key

regulators of cell cycle progression [Malumbres and Barbacid,

2005]. By binding to partners cyclin A or cyclin E and the
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subsequent phosphorylation, they get activated during G1 and S

phases of the cell cycle.

Studies have shown that As (III) modulates the expression and

DNA binding activities of various transcription factors associated

with cell proliferation and cell death including tumor suppressor 53

(p53), nuclear factor-kB (NF-kB), a Y-box specific transcription

factor-1 (YB-1), activator protein-1 (AP-1), and a GC-box specific

transcription factor 1(SP-1) [Barchowsky et al., 1996; Salazar et al.,

1997; Kaltreider et al., 1999; Simenova et al., 2000]. Available data

suggest that As (III) may modulate AP-1 dependent gene

transcription and contribute to either induction of cell proliferation

or acceleration of cell death [Simenova et al., 2000; Trouba et al.,

2000].

Various intracellular and extracellular stress signals can result in

the activation of pro-apoptotic proteins such as Bcl2-associated X

protein (Bax) and inactivation of anti-apoptotic Bcl2 family

members such as Bcl2 or Bcl-XL [Maddika et al., 2007]. PI3k/Akt

and MAP kinases have been shown to play a role in arsenic-induced

mitochondrial cell death in tumor cells [Tabellini et al., 2005;

Sanchez et al., 2008].

Using GSH-deficient GCS-2 cells, we have previously demon-

strated that arsenite induces ubiquitination and apoptotic cell death

[cytochrome c leakage and DNA fragmentation; Habib et al., 2007]

and that p53 regulates Hsp90b during arsenite-induced cytotoxicity

[Habib et al., 2009]. In the current study, we show that arsenite

down-regulates Akt and c-Fos by ubiquitination, decreases AP-1

activity and causes cell cycle dysregulation and apoptotic cell death.

Our results support the concept that arsenite down-modulates PI3k/

Akt and AP-1 pathways under GSH-deficient conditions and the

cytotoxicity of arsenite culminates in cell cycle dysregulation and

apoptotic cell death.

EXPERIMENTAL PROCEDURES

REAGENTS

Polyclonal antibodies to Akt, c-Fos, cell cycle and apoptosis proteins

were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)

or Cell Signal Technologies (Beverly, MA). Anti-ubiquitin antibodies

were obtained from StressGen Biotechnologies (Victoria, British

Columbia, Canada). Secondary horseradish peroxidase-conjugated

antibodies were from Bio-Rad Laboratories (Richmond, CA).

[g-32P]ATP was purchased from Perkin-Elmer Life Sciences (Boston,

MA).

CELL CULTURE

BDC-1 and GCS-2 cells are epithelial cells derived from 3.5-day

postcoitus (dpc) embryos from both wild-type and Glutamate

cysteine ligase catalytic subunit (Gclc)-deficient mice [Shi et al.,

2000]. They have been passaged hundreds of times and they are

morphologically stable. All cell culture studies used M15 complete

medium and cultures were done essentially as described earlier [Shi

et al., 2000; Habib et al., 2007]. All GSH-dependent GCS-2 cells

(mutant cells) were maintained in medium containing 2.5 mM GSH

and NAC-dependent GCS-2 cell lines were cultured in medium

supplemented with 2 mM NAC. BDC-1 cells (wild type controls) were

maintained in medium without GSH or NAC.
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TREATMENT OF CELLS

Sodium arsenite was purchased from Sigma (St. Louis, MO). A

100mM stock solution was prepared in PBS, pH 7.4 and was used at

final concentrations ranging from 0 to 2mM. Briefly, the GCS-2 cells

were seeded at 1.5� 106 cells per 10 cm dish, allowed to grow for

48 h either in the presence of 2.5 mM GSH or 2mM NAC, depleted of

GSH or NAC for 24 h, and treated with various concentrations of

arsenite for up to 21 h. BDC-1 cells were treated under similar

conditions as GCS-2 cells except that they were grown in the

absence of GSH or NAC.

MEASUREMENT OF THIOLS

Thiols were measured using the high-performance liquid chroma-

tography-electrochemical detection method of Kleinman and Richie

[1995] with minor modifications.

IMMUNOPRECIPITATION

Cells were washed twice with ice-cold PBS, and harvested in cell

lysis buffer (50 mM Tris–HCl, 150 mM NaCl, 1% Triton X-100, 0.1%

SDS, 1 mM disodium EDTA, 1% sodium deoxycholate) containing

the protease inhibitors (Roche Biochemicals, Indianapolis, IN). Cells

were lysed by sonication and the protein supernatants were clarified

by centrifugation at 25,000g for 10 min at 48C. Protein concentra-

tion was determined by the BCA protein assay reagent kit (Pierce,

Rockford, IL). Akt and c-Fos from clarified lysates were immuno-

precipitated with 1mg of specific polyclonal antibody against Akt or

c-Fos (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and 20ml of

protein A/G plus agarose (Santa Cruz Biotechnology, Inc.) for 2 h at

48C. Immunoprecipitated proteins were washed under stringent

conditions, resolved on 7.5% SDS–polyacrylamide gels, transferred

on to nitrocellulose membranes (Amersham Pharmacia Biotech,

Piscataway, NJ), and analyzed by western blotting.

WESTERN BLOTTING

After various treatments, cells were collected by centrifugation and

resuspended in lysis buffer [50 mM Tris–HCl, 150 mM NaCl, 1%

Triton-X-100, 0.1% SDS, 1 mM EDTA, 1% sodium deoxycholate,

20 mM NaF, 1 mM Na3VO4, 50mM Na2MoO4, 10 mM Sodium

pyrophosphate, supplemented with protease inhibitor mixture

(Roche Applied Science, Indianapolis, IN)]. One hundred micro-

grams of total protein was routinely used for Western blots. Protein

was separated on 10% SDS–polyacrylamide gels, transferred to

nitrocellulose membranes, incubated with the indicated antibodies

and developed by ECL technology (Amersham Biosciences Corp.)

according to manufacturer’s instructions. The blots were stripped

and reprobed with mouse actin antibody. The band intensities on the

films were quantified using a GS-800 calibrated scanning

densitometer (Bio-Rad, Hercules, CA). Quantitative expression of

specific proteins was normalized to the expression of actin.

ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)

EMSA assays were performed using the Gel Shift Assay System

(Promega) according to the manufacturer’s protocol. The double-

stranded oligonucleotides containing the putative AP-1 binding

sites (underlined) were as follows: 50-CGCTTGATGAGTCAGCCG-

GAA-30. In the binding reactions, g32P-labeled DNA probes were
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incubated with 10mg of nuclear extract. Binding reactions were

performed at room temperature for 20 min and the DNA-protein

complexes were resolved by electrophoresis on 5% nondenaturing

Tris–Borate–EDTA polyacrylamide gels and visualized by auto-

radiography. Signals were quantified using PhosphorImager and

ImageQuantTM software. The AP-1 binding activity was further

confirmed by coincubation with unlabeled AP-1 oligonucleotides

(cold probe competition) or with antibodies to c-Fos (supershift

assay).

STATISTICAL ANALYSIS

Data are expressed as mean� SD. Statistical evaluation of data was

performed using Student’s t-test, considering P value of � 0.05 as

significant.

RESULTS

ARSENITE IS A NEGATIVE REGULATOR OF AKT UNDER LOW/NO GSH

CONDITIONS

Previous studies from our laboratory have demonstrated that low/no

GSH levels predispose GCS-2 cells to arsenite-induced apoptosis

[Habib et al., 2007]. To define the mechanisms contributing to

arsenite-induced toxicity in GCS-2 cells, in the current study, we
Fig. 1. Effect of arsenite on Akt levels and stability in GCS-2 cells. A: Western blot ana

et al., 2007]. BDC-1 and GCS-2 cells were incubated with 0.5mM arsenite (indicated al

blotting with anti-Akt antibody. Equivalent loading was verified with anti-actin antibod

Akt levels was determined in GSH- and NAC-dependent cells. Culture and treatment of

SDS–PAGE as in (A) and quantified by densitometry. The results are expressed as mean�
cells. Akt was immunoprecipitated with anti-Akt, separated by SDS–PAGE, and analyzed

on arsenite-induced degradation of Akt. Cells were treated with and without 0.5mM ar

described above and immunoblotted with anti-Akt antibody. E: Quantification of Akt e

GSH-dependent GCS-2 cells with and without MG-132 treatment. Cells were treated

The results are expressed as mean� SD of triplicate determinations.
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determined if low GSH levels and arsenite are involved in Akt-

mediated signal transduction. Preliminary dose response and time

course studies indicated that arsenite caused a time- and dose-

dependent decrease in Akt levels in GCS-2 cells with maximal effect

observed at 0.5mM at 21 h (data not shown). Using antibodies

specific for Akt, we found that arsenite significantly decreased Akt

levels (2.8� 0.3-fold, n¼ 3; P� 0.05 compared to untreated GCS-2

cells) in GCS-2 cells (Fig. 1A, top panel). Akt expression remained

comparable in untreated GCS-2 cells compared to untreated or

arsenite treated BDC-1 cells. Arsenite had no effect on Akt

expression in BDC-1 cells.

THIOL ANTIOXIDANT NAC PARTIALLY RESTORES AKT LEVELS

We have previously reported that NAC does not complex with

arsenite [Habib et al., 2007]. To determine if other thiol antioxidants

such as NAC could restore Akt to its original levels in GCS-2 cells, we

exposed GCS-2 cells previously rescued with NAC to arsenite. NAC

partially reversed the levels of Akt in GCS-2 cells treated with

arsenite in the presence of NAC if it is present continuously during

arsenite exposure while we found that in the absence of NAC, Akt

levels diminished to the same extent as in the case of GCS-2 cells

treated with arsenite in the absence of GSH (Fig. 1B).
lysis of Akt protein levels. Culture and treatment of cells is done as described in [Habib

ong the top) for 21 h, cell extracts separated by SDS–PAGE and analyzed by immune-

y (bottom). B: Quantification of Akt expression by densitometry. Effect of arsenite on

cells is done as described in Ref. 31. Cells were treated and extracts were separated on

SD of triplicate determinations. C: Effect of arsenite on Akt ubiquitination in GCS-2

by immunoblot with anti-ubiquitin antibody. D: Effect of proteasome inhibitor MG132

senite and with without 2.5mM MG132. Cell extracts were prepared and analyzed as

xpression by densitometry. Effect of 0.5mM arsenite on Akt levels was determined in

and extracts were separated on SDS–PAGE as in (D) and quantified by densitometry.
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ARSENITE TARGETS AKT TO PROTEASOMAL DEGRADATION

Polyubiquitination often serves as a signal for proteasomal

degradation. We examined the possibility that Akt is proteolytically

degraded upon arsenite treatment via the ubiquitin–proteasomal

system. We immunoprecipitated Akt from total cellular extracts

with anti-Akt antibody and analyzed by immunoblot with anti-

ubiquitin antibody. In GCS-2 cells treated with arsenite, we found

bands in the high molecular weight region (>55 kDa) ranging in size

from 100 to 250 kDa (Fig. 1C). These data suggest that Akt is

polyubiquitinated in the GCS-2 cells after arsenite treatment. We

also confirmed the above results by immunoprecipitating Akt from

total cellular extracts with anti-ubiquitin antibody and immuno-

blotting with anti-Akt antibody (data not shown). There was no

evidence of Akt ubiquitination in untreated GCS-2 cells or untreated

BDC-1 cells or arsenite treated BDC-1 cells.

To confirm whether Akt degradation is mediated through

proteolysis, we exposed the GCS-2 cells to arsenite in the presence

or absence of MG-132, a 26S proteasome inhibitor before the cells

were harvested for immunoblotting. Co-exposure with MG 132

restored Akt to its original levels (Fig. 1D). Lactacystin, another

proteasomal inhibitor also significantly abolished the arsenite-

induced Akt degradation (data not shown). These results suggest that

arsenite induces Akt ubiquitination and degradation mainly through

the 26S proteasome pathway and the proteasomal inhibitors could

block the down-regulation of Akt. We quantified the time-

dependent change in Akt levels upon arsenite exposure in the

presence or absence of MG-132 treatment and the results are shown

in Figure 1E.

ARSENITE TREATMENT ATTENUATES C-FOS LEVELS AND TARGETS

C-FOS FOR UBIQUITINATION

We next determined the status of AP-1 constituent c-Fos by

immmunoblot analysis of total cellular extracts from untreated and

arsenite treated BDC-1 and GCS-2 cells. This analysis was focused on

c-Fos as this is a major component of the AP-1-DNA binding

complex. We found that arsenite treatment under low/no GSH

conditions decreased c-Fos levels in GCS-2 cells by 3.1-fold

(3.1� 0.2, n¼ 3; P� 0.05; Fig. 2A).

We further investigated the possibility that ubiquitination is the

reason for the marked diminution in c-Fos levels in GCS-2 cells by

arsenite. c-Fos was immunoprecipitated from cellular extracts with

anti-c-Fos and analyzed by western blotting with an anti-ubiquitin

antibody. In GCS-2 cells treated with arsenite, we observed a wide-

array of bands in the high molecular weight region (>40 kDa)

indicating that c-Fos is ubiquinated in these cells (Fig. 2B). We

verified the above results by immunoprecipitating c-Fos from

cellular extracts with an anti-ubiquitin antibody and blotting with

an anti-c-Fos antibody (data not shown). We did not see any

evidence of ubiquitination in either untreated or arsenite treated

BDC-1 cells or untreated GCS-2 cells.

ARSENITE TREATMENT DECREASES AP-1 BINDING ACTIVITY

The second step of our study was to determine if arsenic treatment

and the decrease in c-Fos levels had affected AP-1 binding activity

in GCS-2 cells. We end labeled AP-1 consensus sequence 50-

CGCTTGATGAGTCAGCCGGAA-30DNA fragment [Hu et al., 2002]
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with [g-32P] ATP and used it as a probe or as specific competitor

without labeling in EMSA. Nuclear extracts from either untreated or

arsenite treated BDC-1 or GCS-2 cells were incubated with the probe

in vitro. Nuclear extracts from untreated and arsenite treated BDC-1

cells were unable to bind the probe (Fig. 2C, lanes 1 and 2). While

extracts from untreated GCS-2 cells exhibited a high AP-1 binding

activity, arsenite inhibited binding by more than 90%

(Fig. 2A, compare lane 5 vs. lane 6). In addition, the specific

binding could be competed out by excess cold competitor or by

omitting nuclear extract from the reaction (lanes 3 and 4

respectively). Moreover, c-Fos specific antibody was able to

supershift the AP-1 bound DNA band confirming the specificity

of the binding whereas the unknown band (seen on lane 6) was

unaffected by the antibody treatment (data not shown).

PROTEASOMAL INHIBITORS BLOCK ARSENITE-INDUCED DOWN-

REGULATION OF C-FOS

We further explored if the rapid degradation of c-Fos was mediated

via proteolysis. We exposed the GCS-2 cells to arsenite both in the

presence or absence of MG-132, a 26S proteasome inhibitor before

we collected and analyzed the cells by immunoblotting. Co-

exposure of the cells with both arsenite and MG-132 restored the

arsenite-induced c-Fos degradation (Fig. 2D). Another proteasomal

inhibitor lactacystin also significantly attenuated arsenited-induced

c-Fos proteolysis (data not shown). These data indicate that arsenite-

induced degradation of c-Fos occurs via the 26S proteasomal

pathway and the proteasomal inhibitors can block c-Fos proteolysis.

Quantification of the time-dependent change in c-Fos levels upon

arsenite exposure in the presence or absence of MG-132 treatment is

shown in Figure 2E.

EFFECT OF ARSENITE ON THE EXPRESSION OF CELL CYCLE

REGULATORS IN GCS-2 CELLS

PI3K/Akt pathway has been implicated in the regulation of either

cell growth or apoptosis [Tabellini et al., 2005]. Thus, it is important

to determine if there is a link between arsenite exposure and cell

cycle regulation. We hypothesized that the down-regulation and

degradation of both Akt and c-Fos upon arsenite treatment might

result in direct regulation of the cell cycle genes. Western blot

analysis was performed to determine the levels of various cell cycle

related regulators. The levels of cyclins A2, D1, E and the kinases

CDK2, CDK4, and CDK6 were all down-regulated in GCS-2 cells

treated with arsenite compared to untreated cells (Fig. 3).

ARSENITE EXPOSURE DECREASES THE LEVELS OF ANTI-APOPTOTIC

PROTEINS AND INCREASES THE LEVELS OF BAX

We have previously demonstrated that arsenite induces apoptosis in

GCS-2 cells [Habib et al., 2007]. We examined the status of apoptosis

regulatory factors by immunoblotting and found that low GSH

levels and arsenite treatment cooperatively reduced anti-apoptotic

proteins such as Bcl-2, Bcl-xL, survivin, and IAP to varying levels in

GCS-2 cells. On the other hand, level of pro-apoptotic protein Bax

increased by 1.8-fold (Fig. 4). These observations corroborate our

earlier findings on arsenite-induced apoptotic cell death in GCS-2

cells.
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 2. Effect of arsenite on c-Fos levels, degradation and AP-1binding activity in GCS-2 cells. A: Western blot analysis of c-Fos protein levels. Arsenite treated and untreated

cell extracts were resolved by SDS–PAGE and immunoblotted with antibodies against c-Fos. Equal loading was verified with anti-actin antibody (bottom panel). The blot

presented is a representative of three independent experiments. B: Effect of arsenite on c-Fos ubiquitination in GCS-2 cells. C-Fos was immunoprecipitated with anti-c-Fos,

separated by SDS–PAGE, and analyzed by immunoblot with anti-ubiquitin antibody. C: Effect of arsenite on AP-1 binding in GCS-2 cells. Gel mobility shift assay with nuclear

extracts (BDC-1 and GCS-2) and 32P-labeled oligonucleotide containing TGAGTCAG without excess cold competitor and no arsenite (lanes 1 and 5, respectively); BDC-1 and

GCS-2 nuclear extracts treated with 32P-labeled oligonucleotide without excess cold competitor and 0.5mM arsenite treatment (lanes 2 and 6, respectively); GCS-2 nuclear

extracts treated with 32P-labeled oligonucleotide and excess cold competitor but without arsenite treatment (lane 3); 32P-labeled oligonucleotide TGAGTCAG with no nuclear

extract and no arsenite treatment but with excess cold competitor (lane 4). For experimental conditions, see Experimental Procedures Section. The data presented are a

representative of three independent experiments. D: Effect of proteasome inhibitor MG132 on arsenite-induced degradation of c-Fos. Cells were treated with and without

0.5mM arsenite and with without 2.5mM MG132. Cell extracts were prepared and analyzed as described above and immunoblotted with anti-c-Fos antibody. E: Quantification

of c-Fos expression by densitometry. Effect of 0.5mM arsenite on c-Fos levels was determined in GSH-dependent GCS-2 cells with and without MG-132 treatment. Cells were

treated and extracts were separated on SDS–PAGE as in (D) and quantified by densitometry. The results are expressed as mean� SD of triplicate determinations.
DISCUSSION

Several modes of action have been proposed for arsenic toxicity

including its ability to act as a co-carcinogen, induce DNA damage,

inhibit DNA repair, alter DNA methylation patterns, and induce

cellular proliferation and cell death [Kligerman and Tennant, 2007].

It is quite possible that more than one mode of action is operational

at any given time and none of these are mutually exclusive in

nature. Arsenic is also employed as a therapeutic agent in the

treatment of cancer and some of the mechanisms that are implicated

in the anti-tumor cytotoxicity of arsenic include its ability to induce

apoptotic cell death by modulating the redox homeostasis in the cell

[Davison et al., 2004; Habib et al., 2007].

As (III) has a high avidity for interaction with sulfhydryl groups.

GSH being the major non-protein thiol plays an important role in

arsenic detoxification and its depletion enhances cellular sensitivity

to arsenic cytotoxicity and arsenic-induced apoptosis while

increased GSH levels promote resistance to arsenic-induced
JOURNAL OF CELLULAR BIOCHEMISTRY
apoptosis [Miller et al., 2002; Thompson et al., 2009]. Previous

studies from our laboratory have shown that exposure of GSH-

depleted GCS-2 cells to low concentrations of arsenite leads to

apoptotic cell death [Habib et al., 2007]. The current study was

undertaken to identify some of the molecular mechanisms that can

explain the cytotoxic activities of arsenic under very low/absent

levels of GSH in GCS-2 cells.

We have examined the effects of very low (submicromolar)

concentrations of arsenic on gene expression in GSH deficient cells.

These concentrations more closely mimic the conditions generally

associated with arsenic exposure in polluted environments [Miller

et al., 2002]. Arsenic is thought to exert a growth stimulatory effect

at lower concentrations while higher concentrations cause apoptosis

[Bode and Dong, 2002]. These opposing paradoxical effects of

arsenic can apparently explain its actions as both a carcinogen and a

chemotherapeutic agent.

There are several reports that suggest that arsenic can initiate

many signaling cascades within a cell but identifying those
APOPTOSIS IN GLUTATHIONE-DEFICIENT CELLS 367



Fig. 3. Arsenite-induced down-regulation of cell cycle regulators in GCS-2 cells. A: Effect of arsenite on cyclin A2, cyclin D1, cyclin E, CDK-2, CDK-4, and CDK-6 expression in

GCS-2 cells. Cell extracts were immunoblotted with respective antibodies. Equal protein loading was verified with anti-actin antibody. B: Quantification of cell cycle regulator

expression by densitometry. Cells were treated and extracts were separated on SDS–PAGE as in (A) and quantified by densitometry. The results are expressed as mean� SD of

triplicate determinations. Expression of each cell cycle regulator was compared against its own untreated GCS-2 control cells and the expression of GCS-2 control cells

corresponding to each cell cycle regulator was arbitrarily represented as onefold in the figure for comparison purposes.

Fig. 4. Effect of arsenite on anti-apoptotic and pro-apoptotic protein levels in GCS-2 cells. A: Effect of arsenite on anti-apoptotic proteins Bcl-2, Bcl-xL, survivin, IAP and

pro-apototic protein Bax expression in GCS-2 cells. Cell extracts were immunoblotted with respective antibodies. Equal protein loading was verified with anti-actin antibody. B:

Quantification of apoptotic protein expression by densitometry. Cells were treated and extracts were separated on SDS–PAGE as in (A) and quantified by densitometry. The

results are expressed as mean� SD of triplicate determinations. Expression of each anti-apoptotic and pro-apoptotic protein expression was compared against its own

untreated GCS-2 control cells and the expression of GCS-2 control cells corresponding to each apoptotic protein was arbitrarily represented as onefold in the figure for

comparison purposes.

368 APOPTOSIS IN GLUTATHIONE-DEFICIENT CELLS JOURNAL OF CELLULAR BIOCHEMISTRY



pathways is crucial to our understanding the toxicity of arsenic.

PI3k/Akt pathway plays a vital role in cell survival by regulating

caspase-mediated apoptosis and inhibition of this signaling could

lead to apoptosis. Several laboratories have examined a role for Akt

in arsenic-induced toxicity but the data are confusing [Ouyang et al.,

2006; Mann et al., 2008]. It has been shown that sensitivity of

leukemic cell lines toward arsenic-induced apoptosis is determined

by the level of activation of PI3K/Akt pathway [Tabellini et al.,

2005]. Tsou et al. have demonstrated that arsenite treatment

enhanced proteasomal degradation of Akt in vascular endothelial

cells while Mann et al. have shown that arsenite decreased not only

Akt protein levels but also Akt activity [Tsou et al., 2005; Mann

et al., 2008]. Our results show that arsenite treatment resulted in a

rapid decrease in the Akt level. Moreover, arsenite also promoted the

ubiquitination of Akt, thereby contributing to the down-regulation

of Akt (Fig. 1). These observations suggest that the inhibitory effect

of arsenite on Akt is mediated, at least in part, by the ubiquitin–

proteasome degradation, thereby contributing to apoptosis in GCS-2

cells. In contrast, Ouyang et al. [2006] have shown in mouse

epidermal cells that arsenite treatment induced Akt activity leading

to an enhanced cyclin D1 level.

To further elucidate the molecular mechanisms of arsenic

modulated gene expression, we studied the DNA binding activities

of AP-1, a redox sensitive transcription factor (Fig. 2C). It is known

that AP-1 is modulated by a variety of physiological stimuli

including changes in the redox status of the cell [Cavigelli et al.,

1996]. This transcription factor in turn regulates a number of

physiological processes including cell growth, proliferation,

differentiation, and cell death [Hu et al., 2002; Drobná et al.,

2003]. It is possible that inhibition of their activation may shift the

control from cell survival to cell death. Under our experimental

conditions, AP-1 DNA binding activity is suppressed and c-Fos level

decreases in the GCS-2 cells (Fig. 2B). Although previous studies

have demonstrated that inorganic arsenite enhanced AP-1 DNA

binding activity and c-Fos phosphorylation, most of these studies

employed acute exposure of cells to very high concentrations of

arsenic (ranging from 50 to 400mM; Cavigelli et al., 1996; Drobná

et al., 2003). Hu et al. studied human GM487 fibroblasts after both

short-term exposure (up to 5mM and 24 h) and long-term semi-

continuous exposure (up to 0.5mM and 10 weeks) to arsenic. They

concluded that the short-term exposure up-regulated AP-1 binding

activity and c-Fos expression while long-term semi-continuous

exposure decreased both AP-1 DNA binding activity and c-Fos

protein levels [Hu et al., 2002]. Direct comparison between our

observations and the above-mentioned studies is difficult because of

the inherent differences in arsenic exposure conditions and the

absence of documentation of actual GSH levels in these cells after

exposure to arsenic. Other studies have demonstrated that c-Fos

shows a somewhat biphasic response with a slight up-regulation at

lower doses (10mM) and down-regulation at higher doses (40mM) of

arsenic exposure [Yedjou and Tchounwou, 2009].

In mammalian cells, cyclins A, D and E are key regulators

involved in G1 to S phase transition. Several investigators have

examined the effects of arsenic on cell cycle but the reported results

are conflicting and confusing [Hwang et al., 2006; Yedjou and

Tchounwou, in press]. Our observations on the down-regulation in
JOURNAL OF CELLULAR BIOCHEMISTRY
the protein levels of key cell cycle components (Fig. 3) such as cyclin

A, cyclin D, cyclin E and the associated kinases concur with the

results reported by Woo et al. in HUVEC suggesting a mitotic cell

cycle arrest thus resulting in the prevention of progression of the cell

cycle from G1 to S phase [Woo et al., 2005]. On the other hand,

Yedjou and Tchounwou [2009] have shown that exposure of HL-60

cells to 30mM arsenic had no significant effect on the levels of

cyclin D1 but enhanced the expression of cyclin A which is required

for both the S and G2 phases of the cell cycle. Arsenic concentrations

used in the above experiments are about 60-fold higher than what

we had used in our studies. Besides, as the GCS-2 cells lack GSH and

the ability to methylate arsenicals, there is a greater tendency for the

intracellular accumulation of inorganic arsenic thus accentuating

the cytotoxicity of arsenic.

GSH synthesis inhibitor, L-buthionine sulfoximine (BSO), can

enhance arsenic-induced cytotoxicity in tumor cells [Kito et al.,

2002; Davison et al., 2004]. Moreover, it has been shown that thiol

antioxidant NAC can inhibit arsenic-induced apoptosis [Santra

et al., 2007]. Our earlier studies have demonstrated that GSH

depletion and exposure to arsenic induced apoptotic cell death in

GCS-2 cells [Habib et al., 2007]. Mitochondria play a central role in

both extrinsic and intrinsic apoptotic pathways [Baysan et al., 2007].

Bcl-2 family of proteins regulates the release of cytochrome c and

AIF culminating in the activation of caspase cascade. Studies have

reported that the down-regulation of Bcl-2 played a pivotal role in

the apoptosis of cancer cells [Akao et al., 1998]. Bcl-2, a suppressor

of programmed cell death is known to homodimerize with itself and

forms heterodimers with Bax [Oltvai et al., 1993]. Bax, a promoter of

cell death is functionally neutralized by heterodimerization with

Bcl-2. The ratio of Bcl/Bax protein could ultimately tip the balance

toward cell survival or cell death. The interactions among Bcl family

of proteins (Bax, Bcl-2, Bcl-xL, etc.) stimulate the release of

cytochrome c to induce apoptosis [Gross et al., 1999]. Our findings

on the gene expression of cell death proteins (Fig. 4) are in general

agreement with studies by Tun-Kyi et al. [2008] and Baysan et al.

[2007].

In summary, our present study reveals that under conditions of

reduced GSH availability, arsenite down-regulated Akt and c-Fos

via the ubiquitin–prteasome-mediated degradation. Together with

our previous report that arsenite induces apoptosis through the

accumulation of ubiquitin–protein conjugates, we have demon-

strated that arsenite induces apoptosis by affecting the cell cycle and

the apoptotic machinery.
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