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Abstract
Transient adaptation to mild oxidative stress was induced in human osteosarcoma cells chronically grown in sub-toxic
concentrations of diethylmaleate (DEM), a glutathione (GSH) depleting agent. The adapted cells, compared to untreated
cells, contain increased concentrations of GSH (4–6 fold) which, upon DEM withdrawal from the culture medium, return to
normal values and are more resistant to subsequent oxidizing stress induced either by toxic concentrations of the same agent or
by (H2O2) treatment. To investigate the molecular mechanisms involved in the adaptive response to oxidative stress, we
analyzed the gene expression profiles of DEM-adapted cells by differential display. The expression of adaptive response to
oxidative stress (AROS)-29 gene, coding for a transmembrane protein of unknown function, as well as of some known genes
involved in energy metabolism, protein folding and membrane traffic is up-regulated in adapted cells. The increased resistance
to both DNA damage and apoptosis, in cells stably overexpressing AROS-29, demonstrated its functional role in the
protection against oxidative stress.
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Abbreviations: AROS-29, adaptive response to oxidative stress; DEM, diethylmaleate; GSH, glutathione; JNK, jun kinase;
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Introduction

Reactive oxygen species (ROS) are generated as

by-products of cellular metabolism, primarily in

mitochondria. When their production exceeds the

cell antioxidant capacity, macromolecules such as

lipids, proteins and DNA can be damaged [1].

However, ROS serve as sub-cellular messengers, and

play a role in gene regulation, cell cycle, apoptosis and

signal transduction pathways [2,3], which may be

involved in defensive mechanisms against oxidative

stress as well as in adaptive response to counteract

to redox perturbations [4]. Cellular redox signaling

involves a variety of post-translational modifications of

proteins by ROS [4]. We have demonstrated that in

many cell lines exposed to the glutathione (GSH)

depleting agent diethylmaleate (DEM) [5,6], different

types of post-transcriptional/translational regulatory

events occur; these include the p53-independent

induction of p21waf1 mRNA expression [7], and the

dephosphorylation of several proteins involved in the

control of cell cycle progression such as p21waf1 [8],

pRb and E2F [9]. Furthermore, we have recently

reported that upon short exposure of several cell lines
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to DEM, MAPK and AKT protein kinases are

promptly activated in the absence of Tyr phosphoryl-

ation of tyrosine kinase receptors, through a mechan-

ism involving DEM-induced activation of the Tyr

kinase c-Src [10]. We also suggested that post-

translational modifications of tyrosine kinase receptors

different from Tyr phosphorylation, such as Tyr

nitration, could be involved in the activation of

mitogenic pathways [10]. One of the best characterized

mechanism of adaptive response is the heat shock stress

[11], but other stress as nitrosative, osmotic, hypoxic

and oxidative are now being studied: the expression of

heat shock proteins is involved in the adaptive response

to hypoxia: in fact, hypoxia inducible factor 1 (HIF-1),

a heterodimeric transcription factor [12] is a key

regulator of metabolic adaptation to hypoxia, through a

mechanism involving PI3K/Akt; this protein kinase

contributes to HIF stabilization by inducing the

expression of heat shock proteins [13].

Adaptation to oxidative stress is observed in a wide

variety of cells: induced adaptive and cross-protective

response to peroxides are used by bacteria to survive

stressful environments. It involves the up-regulation of

the peroxide (oxyR) and superoxide (soxR) gene

expression, as demonstrated by the abolishment of the

(H2O2)-induced adaptive protection in oxyR-mutants

[14]. Adaptation is also observed in a wide variety of

eukaryotic cells including endothelial cells exposed to

nitric oxide or to oxidized lipids [15]: generally, at low

concentrations, adaptation to oxidative stress appears

to be mediated by induction of antioxidant defenses,

mainly based on the regulation of GSH metabolism

whereas at high concentrations, apoptosis frequently

occurs, through mechanisms not yet completely

defined [16]. Adaptation to oxidative and nitrosative

stress often occurs in cells exposed to a non-toxic

stress, resulting in the ability to tolerate a subsequent

toxic challenge of the same or related oxidant [17].

Interestingly, after exposure to sub-lethal concen-

trations of different oxidizing drugs, cells become

more resistant also to subsequent challenges by other

stresses [18,19].

During different stresses, cells achieve phenotypic

adaptation through a modulation of gene expression

[20]; quite often the same family of genes can mediate

more than one response, thus suggesting that

common mechanisms are in adaptation to different

stresses [21].

The present investigation aims at defining new

genes and molecular mechanisms involved in the

adaptive responses to oxidative stress in mammalian

cells. We isolated a human osteosarcoma cell line

transiently adapted to low doses of DEM in order to

characterize the gene expression profile associated to

adaptive phenotype, and identified adaptive response to

oxidative stress (AROS)-29, a new gene whose

functional role in the protection against oxidative

stress has been suggested.

Materials and methods

Cell lines, culture conditions and oxidizing treatments

Saos-2 osteosarcoma cell line and SHsy5y from

ATCC, were grown in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal calf

serum (FCS, HyClone), 100 units/ml penicillin and

100mg/ml streptomycin, in a humidified atmosphere

of 5% CO2/95% air at 378C. For the selection of Saos-

2 cells adapted to DEM cells were grown for several

months in Dulbecco’s modified medium,

supplemented with 10% FCS and DEM (50 and

75mM); DEM was added to the dish every day. Cells

were counted before splitting and seeded at equal

number for the 3 populations (300.000/30 mm plastic

dish). Saos 50mM and 75mM DEM, were grown

under the same conditions of untreated control, plated

8*105/dish and treated with DEM at the indicated

concentrations every two days.

AROS-29 stable cell lines were established by

transfecting Saos-2 cells with an expression vector

(pRC–CMV) containing AROS-29 cDNA sequences

fused to an hemoagglutinin (HA) tag at the C-termi-

nus, upstream of the neomycin resistance gene;

following 600mg/ml neomycin selection, individual

clones demonstrating stable AROS-29 expression,

were analyzed by western blot with anti HA antibodies.

All the transfection experiments were performed using

lipofectamine 2000 (Invitrogen) following the manu-

facturer’s instructions. All the experiments were done

in triplicate. Measurements of luciferase activity were

performed using a Dual Luciferase reporter assay

system (Promega) according to the manufacturer’s

instructions. For UV experiments, the monolayer of

subconfluent cells was irradiated with 15 J/m2 of UV

light (254 nm) for 5 min. The cells were harvested

either immediately (time 0) or after 30 min for the

preparation of cell lysates and western analysis. N-

acetylcysteine (10 mM) was added to the dishes 24 h

before irradiation.

GSH assay

GSH intracellular concentration was determined

according to Smith et al. [22] with minor modi-

fications. Briefly, cells were washed twice in phos-

phate-buffered saline (PBS), harvested and

centrifuged at 4000 rpm for 10 min at 48C. The

pellets were lysed by adding 100ml of percloric acid

(3%) for 15 s and centrifuged at 20,000 rcf for 10 min

at 48C. The supernatant was neutralized with 900ml

solution of NaH2PO4 0.1 M, EDTA 5 mM; gluta-

thione reductase (1 U/ml) and NADPH (0.21 mM)

were immediately added. The mix was incubated for

10 min at 378C. GSH content was measured by

adding 600mM DTNB (5, 50-dithio-bis(2-nitro-

benzoic acid)) and quickly read at 412 nm. After the

lysis pellets from percloric acid were resuspended in
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NaOH 1 M and protein amount was measured by the

Bradford assay (2). GSH content was expressed in

nmol/mg protein.

Comet assay

DNA damages were analyzed using the Comet assay

[23] with slight modifications of the manufacturer’s

instructions: briefly, the cells underwent the oxidizing

treatments, as described in the figure legends, washed

with PBS, trypsinized, re-suspended in PBS, and

combined with LM-agarose (supplied in the Trevigen

kit assay) at a ratio of 1:8 (cells:agarose). Electro-

phoretic run and qualitative and/or quantitative

analyses were carried out according to the Trevigen

protocol. Quantitative analyses of the results were

done by using the Image software (National Institutes

of Health), as suggested by the manufacturer. Data are

reported as the ratio between tail and nucleus areas.

Cytoflourimetric analysis

Cell cycle distribution was analyzed by flow cytometry.

Briefly, Saos-2 cells and AROS-29 stable clones were

harvested in PBS containing 2 mM EDTA, washed

once with PBS and lysed with hypotonic DNA staining

solution (0.1% Triton X-100, 0.1% sodium citrate,

1 mg/ml RNAse A and 50mg/ml propidium iodide) for

2 h at room temperature in the dark. DNA flow

cytometry were performed using FACSVantage appar-

atus (Becton Dickinson, Mountain View, CA, USA)

equipped with a water-cooled argon ion laser (488 nm,

150 mw), Cell Quest software (Becton Dickinson)

equipped with doublet discrimination module. Data

analysis was performed using a Mod-Fit (Verity,

Software House, Inc.) cell cycle analysis program.

Western blot

Cells were rinsed with PBS buffer (150 mM NaCl,

0.1 M phosphate, pH 7.5) and harvested in the same

buffer. Cell lysates and Western blot analysis were

performed as previously described [8]. Antigen–

antibody complexes were detected with a chemilumin-

escence reagent kit (Amersham Biosciences).

Anti-Syntaxin 3 polyclonal antibody was a gift from

Dr Vesa Olkkonen. Anti-Hsp 70, adaptin, HA rabbit

polyclonal IgG antibodies and anti-Trap-1 and

tubulin mouse monoclonal antibodies were from

Santa Cruz Biotechnology; anti-phospho Jun kinase

(JNK) and p38 antibodies (p-JNK, p-p38) were from

New England BioLabs; all the antibodies were used in

Western blot analyzes at 1 mg/ml.

Differential display technique

Differentially expressed mRNAs were detected using

the Clontech “Delta Differential Display Kit” according

to the manufacturer’s protocol. Reamplified bands of

interest were cloned into the Promega pGEM–T easy

Vector and then sequenced. The identity of the bands

was revealed by nucleotide blast.

Real time PCR

Total RNA was extracted using RNeasy mini kit

(Qiagen). First strand of cDNA was synthesized from

2mg of each RNA sample using an oligo dT (1mM)

and sterile water to 5 ml. The mix was incubated at

708C for 3 min, cooled on ice for 2 min, and then

dNTPs (5 mM), reverse transcriptase buffer (2X) and

MMLV reverse transcriptase (200 u/ml) were added to

the mix up to 10 ml and incubated at 428C for 1 h. The

reaction was terminated by the incubation at 758C for

10 min. The reaction mix was then diluted with water

to 100ml. Real time PCR amplification mix (25ml)

contained 5ml of first strand cDNA, 0.38 ml of

forward and reverse primer mix (40mM each),

12.5ml of 2X Biorad iQ SYBR Green Supermix and

7.15ml of water. Reaction was carried out on a Biorad

iCycler iQ Real Time PCR detection system. The

thermal conditions were: 3 min at 958C and 40 cycles

at 958C for 15 s and 608C for 1 min and a melting curve

analysis from 55 to 958C with 80 steps of 0.58C for

10 s. Data analysis was carried with glucuronidase as a

control gene. The following primers were used:

Trap-1 forward: 50-GGACGCACCGCTCA-

ACAT-30

Trap-1 reverse: 50-CACATCAAACATGGACGG-

TTTC-30

Syntaxin 3A forward: 50-CCAACAACGTCCGG-

AACAA-30

Syntaxin 3A reverse: 50-AGGTCTGCCGATGA-

CCTGAC-30

Glucuronidase forward: 50-GGTTTCACCAGG-

ATCCACCTCT-30

Glucuronidase reverse: 50-CCAACCACGTATTT-

TCTGCGTT-30

AROS-29 forward: 50-CCTGGTCCTGCGCTT-

CTTC-30

AROS-29 reverse: 50-ACGCCGCCCGAG-

TACA -30

p21waf1 forward: 50-CTGGAGACTCTCAGGGT-

CGAA-30

p21waf1 reverse: 50-CGGCGTTTGGAGTGGT-

AGAA-30.

Results

We previously set up an experimental procedure to

manipulate intracellular redox conditions in different

mammalian cells: this is based on the exposure of cells

to DEM, a GSH depleting agent, and allowed us to

demonstrate that the sensitivity to DEM-induced

oxidative stress varies among different cells [6].
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To adapt cells to mild oxidizing conditions different

cell lines were cultured for several months in the

presence of low concentrations (50mM) of DEM.

Higher concentrations were strongly cytotoxic for

long-term treatments for any analyzed cell line. We

selected for our studies the Saos-2 human osteosar-

coma cell line, since it was the only one in which some

cells survived after 1 month in presence of DEM.

These surviving cells started to grow normally, with

growth parameters (cell number and doubling time)

undistinguishable from the untreated counterpart

thus generating a stable cell line adapted to DEM.

As a relationship between cellular resistance to H2O2

and changes in ploidy was previously described [19],

we performed cytofluorimetric analyses to evaluate

chromosomal modifications in the survived cells, but

did not observe any change in ploidy (data not

shown).

Since DEM induces a GSH depletion [5], we

hypothesized that modifications of intracellular redox

conditions (i.e. changes in GSH levels) in these cells,

could be responsible for the surviving of DEM-adapted

cells. As shown in Figure 1A, adapted cells contain

significantly higher GSH levels than the untreated

control (4 and 6 times in Saos 50mM and 75mM

DEM, respectively). This finding suggests that the

adaptation to chronic oxidizing conditions of these cells

could be related to increased GSH levels. Since GSH

intracellular homeostasis is maintained by a complex

array of enzymatic reactions (biosynthesis, degra-

dation, utilization as substrate of other enzymes, etc.),

to characterize molecular mechanisms responsible for

the increased levels observed in our cells, a quantitative

analysis by real time PCR of some genes involved in

GSH metabolism was performed. These experiments

allowed us to demonstrate that the expression of these

Figure 1. GSH levels and resistance to H2O2 of Saos-2 cells untreated and adapted to DEM. Growth conditions and measurements of

intracellular GSH were as described in “Materials and methods” section. Each experiment was repeated two to three times. Panel A: GSH

levels in Saos-2 cells. Lanes a, c and e, GSH basal levels in untreated, 50 and 75mM DEM-adapted cells, respectively; lanes b, d and f, GSH

depletion in the same cells upon exposure to 1 mM DEM for 30 min. All the values are expressed as nmol/mg proteins. Panel B: Measurements

of GSH levels after DEM withdrawal: cells were washed with fresh medium before harvesting and GSH levels were assayed at the indicated

times. All the values are expressed as nmol/mg proteins. Panel C: Effect of H2O2 treatment on the DNA damages: Saos-2 cells were grown as

described in “Materials and methods” section and treated with H2O2 (1 mM for 30 min). Quantitative analysis of the results was done by the

Comet assay procedure, using the NIH Image Software, as suggested by the manufacturer. Data are reported as the ratio between tail/nucleus

areas and represent the mean of three independent experiments. Panel D: p38 activation upon treatment with H2O2: Saos-2 cells grown as

described in “Materials and methods” section were treated with H2O2 (1 mM for 15 min), washed and harvested for the preparation of cell

extract; lysates from untreated and DEM-adapted Saos cells, containing 40mg of proteins were resolved by electrophoresis on a 10% SDS-

PAGE, transferred on a nitrocellulose membrane and subjected to immunoblot analysis with anti p38 antibodies specific for the activated form

(p-p38). The same filters were re-probed with anti-p38 antibodies for the normalization of cell lysates.
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genes does not change significantly in the three

populations, with the only exception of the increase

(2.5 times) of two genes coding for the catalytic subunit

of g-glutamyl-cysteine synthetase, the enzyme involved

in the first step of GSH biosynthesis (data not shown).

We previously demonstrated that treatment with 1 mM

DEM for 30 minyields GSH depletion (70%) in several

cell lines [6]. To evaluate whether the same decrease

also occurs in the adapted cells we treated them with

this strong concentration of DEM. Figure 1A also

shows that while in normal cells the expected GSH

depletion (70%) was observed, it was significantly

lower (,20%) in adapted cells. Finally, we aimed at

analyzing whether the increased GSH levels in adapted

cellswould still be observedafter washing of DEM from

the culture medium. As shown in Figure 1B, within

three days from DEM withdrawal, comparable GSH

levels between control and adapted cells are observed.

These experiments indicate that DEM-induced adap-

tation is a transient and reversible phenomenon.

It is reasonable toconclude, from the results obtained

in these sets of experiments that DEM-induced

adaptation, not only resulted in a more reduced

intracellular environment, but it also yields an

increased resistance to a subsequent stronger oxidative

stress induced by the same agent (Figure 1A and B).

To verify that DEM-adapted cells developed resist-

ance also to other oxidizing agents, the DNA damage

upon treatment of these cells with H2O2 was analyzed

by the Comet assay. Figure 1C shows that Saos-2 cells

“DEM-adapted” are more resistant to hydrogen

peroxide treatment (500mM/30 min), as demon-

strated by the lower tail/nucleus ratio which, in turn,

indicates a less damaged cell population. Activation of

p38 stress kinase following H2O2 treatment, is lower in

Saos-adapted cells, compared to the controls,

(Figure 1D). This observation is in agreement with

the results demonstrating higher resistance to stress

stimuli of adapted cells.

To identify proteins involved in the resistance to

oxidative stress, RNA from control and DEM-adapted

Saos-2 cells was purified and used as template for the

differential display technique, to analyze gene exp-

ression profiles. Among the genes found up-regulated

in DEM-adapted cells, some have been identified

(Table I): they include a mitochondrial acyl-CoA

thioesterase, involved in the energy metabolism [24] a

hsp75 protein (TRAP1), associated to the tumor

necrosis factor receptor [25] with mitochondrial

localization, whose involvement in the control of

protein folding and the possible role in the control of

apoptosis were previously suggested (see discussion);

syntaxin 3A, a protein involved in intracellular

membrane traffic [26], tropomyosin and PAR-1

[27], a developmental–regulatory protein.

An mRNA coding for a protein of unknown

function (AROS-29) was also identified and partially

characterized. The increased expression of AROS-29,

syntaxin 3A and hsp75 mRNAs was confirmed by the

real time PCR (Figure 2A). Moreover, to ascertain

whether the increased expression observed in Saos-2

adapted-cells is a reversible process, we evaluated the

expression of the three mRNAs after the removal of

DEM from the culture medium. Figure 2A confirms

increased expression of AROS-29, syntaxin3A and

TRAP1 in DEM-adapted cells, and shows that the

mRNA levels of all the proteins, within three days

from DEM wash, are undistinguishable from those

observed in the control cells. Since changes in gene

expression correlate with modifications in GSH

content we analyzed intracellular GSH levels upon

AROS-29 hyperexpression and, accordingly,

observed a slight increase. Finally, Western blot

experiments in Saos-2 untreated and DEM-adapted

cells confirm the increase of syntaxin 3A and TRAP1

at protein levels; furthermore, we aimed to analyze

whether this regulatory mechanism was shared by

two other proteins involved in very similar func-

tions—i.e. adaptin, involved in vesicular transport

[28] and hsp 70, another heat shock protein [29].

Figure 2B shows that the expression of these two

proteins is not modified in adapted cells, thus

suggesting that the observed phenomenon is specific

for syntaxin 3A and TRAP-1 and not common to all

the members of the class, involved in similar

biological functions.

AROS-29 is annotated in data banks (GenBank

accession number NM_017814) as an expressed

sequences tag of unknown function; the predicted

protein is highly hydrophobic with up to seven

possible trans-membrane tracts. Immunostaining of

cells expressing AROS-29 protein tagged either at the

N- or C-terminal end, confirm the plasma-membrane

topology of this protein (data not shown).

To evaluate molecular mechanisms involved in the

regulation of AROS-29 expression in DEM-adapted

cells,Saos-2cells (adaptedandcontrol) were transfected

with a construct containing AROS-29 promoter regions

fused to the luciferase gene. As shown in Figure 3A, the

basal level of luciferase activity in adapted cells is higher

than the controls, whereas, pro-oxidant conditions

induced byUV treatment in Saos-2 cells, lead toa down-

regulation of AROS-29 promoter-driven luciferase

activity (Figure 3B); pretreatment with the antioxidant

Table I. Genes up-regulated in Saos-2 adapted to DEM.

Up-regulated Genes

Gene ID number

Acyl-coenzyme A thioesterase 2 NM_01232

AROS-29 (FLJ20422) NM_017814

Par-1 AF387638

Trap-1 (Hsp75) NM_016292

Syntaxin 3A AJ002076

Tropomyosin X05276

Names and ID numbers were according to NCBI data bank.
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N-acetylcysteine, a GSH precursor, counteract the

effect of UV irradiation on luciferase activity, thus

suggesting that oxidative stress plays a role in the UV-

induceddown-regulationofAROS-29promoteractivity

(Figure 3B). Luciferase activity correlates with AROS-

29 mRNA levels assayed by RT–PCR, both in DEM-

adapted cells (Figure 2A) and in Saos-2 cells upon

30 min of UV treatment (Figure 3C). The results shown

inFigure3 demonstrate that AROS-29 induction occurs

at transcriptional level and is dependent on the reduced

intracellular environment. This last finding is also

confirmed by a similar induction of AROS-29

expression upon treatment with retinoic acid (RA),

a differentiating agent provided of antioxidant proper-

ties [30]. Figure 3C shows a real time PCR analysis of

AROS-29 mRNA in SHsy5y neuronal cells, containing

high levels of this protein. The increased AROS-29

expression seems not related to the neuronal differen-

tiation of these cells, being only present at early times of

RA treatment (within 4 h), in absence of any differ-

entiated phenotype: in fact, the opposite regulation of

p21waf1 mRNA, whose induction is required for the cell

cycle arrest of differentiated cells [31] is demonstrated in

the same experimental conditions. Furthermore, in

agreement with other groups, which demonstrated an

involvement of retinoids in GSH homeostasis [32],

Figure 2. Adaptation to DEM induces AROS-29, syntaxin3A and Trap-1 expression in Saos-2 cells. Panel A: Induction of AROS-29, Trap-

1 and syntaxin 3A mRNA expression in Saos-2 adapted cells is a reversible process. Saos-2 cells (control and DEM-adapted) were cultured as

described in “Materials and methods” section. DEM was removed by washing extensively part of the dishes with fresh medium, and after one

week all the cells were harvested for RNA extraction and cDNA synthesis (see “Materials and methods” section). Real time PCR condition is

described in “Materials and methods” section. All the values are expressed as fold increase, by assuming mRNA levels of the untreated

controls equal 1. Panel B: Induction of syntaxin 3A and Trap-1 proteins. Cell lysates from untreated and DEM-adapted Saos-2 cells,

containing 40mg of proteins were resolved by electrophoresis on a 10% SDS-PAGE, transferred on a nitrocellulose membrane and subjected

to immunoblot analysis with antibodies specific for the indicated proteins (see the text). The same filters were re-probed with anti-tubulin

antibodies for the normalization of cell lysates.
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we found increased levels of GSH in SHsy5y cells

exposed to RA (data not shown).

To demonstrate the functional role of AROS-29 in

the protection against oxidative stress, we generated

Saos-2 cell lines stably transfected with AROS-29, to

analyze their response to different stress. Comet assays

shown in Figure 4 (Panel A) demonstrated that the

levels of DNA damage upon exposure to DEM or

H2O2 is lower in AROS-29 stable transfectants (clone

2). These results resemble the Comet analyses shown

in Figure 1C. Futhermore, citofluorymetric analysis of

pooled AROS-29 clones exposed for different times to

cisplatin, a DNA-damaging and chemotherapeutic

drug, demonstrated an increased resistance to

apoptosis of these cells, compared to the controls

(Panels B and C). These observations demonstrate

that AROS-29 over-expression confers increased

resistance to both DNA damage and apoptosis

induced by different stress.

Discussion

The experiments reported in this paper were designed

to investigate molecular mechanisms involved in the

adaptive response to oxidative stress. The oxidizing

agent used is the DEM, a GSH-depleting compound.

The Saos-2 human osteosarcoma cells were selected

for our studies, because it was the only cell line, among

others analyzed, which survived to DEM treatment.

The development of adaptive responses is achieved

mainly through changes in gene expression programs;

re-programming of gene expression leads to the

regulation of specific genes which, depending on the

kind of stress induced, contribute to restore cellular

Figure 3. Redox regulation of AROS-29 expression. Panel A: Saos-2 cells (control and adapted) were transfected with a construct containing

AROS-29 promoter regions (2000 bps) fused to the luciferase gene, as described in “Materials and methods” section. Luciferase activity

represents the means of three independent transfection experiments. All the values are expressed as fold increase, by assuming luciferase

activity of the untreated controls equal 1. Panel B: Upper: Saos-2 cells were transfected with a construct containing AROS-29 promoter

regions fused to the luciferase gene and irradiated as described in “Materials and methods” section. NAC (10 mM) was added 24 h before UV

irradiation. Luciferase activity represents the means of three independent experiments. All the values are expressed as fold increase, by

assuming luciferase activity of the untreated controls equal 1. Lower: To control the efficacy of UV treatment, Saos-2 cells, irradiated as

described in “Materials and methods” section, were harvested and cell lysates containing 40mg of proteins were subjected to immunoblot

analysis with anti-phospho JNK antibodies as described in “Materials and methods” section. Panel C: Saos-2 cells were irradiated as described

in “Materials and methods” section and harvested for RNA extraction and cDNA synthesis (see “Materials and methods” section). Real time

PCR conditions are described in “Materials and methods” section. All the values are expressed as fold increase, by assuming mRNA levels of

the untreated controls equal 1. Panel D: SHsy5y neuronal cells were treated with RA (10mM) for the indicated times and harvested for RNA

extraction and cDNA synthesis (see “Materials and methods” section). Real time PCR conditions are described in “Materials and methods”

section. All the values are expressed as fold increase, by assuming mRNA levels of the untreated controls equal 1.
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homeostasis. It has been previously described that

among the genes most frequently involved in the

adaptation to oxidative stress, there is the family of

genes related to GSH biosynthesis and degradation, as

well as antioxidant enzymes such as catalase, super-

oxide dismutase and other proteins that decrease the

extent of oxidative stress [33]. However, some results

demonstrate that H2O2-resistant cell lines have been

isolated without a significant increase in transcription

and/or translation of scavenging enzymes [33].

In Saos-2 DEM-adapted the expression of several

genes of GSH metabolism does not show significant

modifications compared to the controls. Increased

gene expression could be related to chromosomal

aberrations (i.e. gene duplication): in fact, a relation-

ship between stable cellular resistance to H2O2 and

changes in the ploidy that was related to increased

catalase activity, was previously described in CHO

variants cells [19]: we performed cytofluorimetric

studies to analyze chromosomal modifications of

Saos-2 cells adapted to DEM, but did not find any

modification in ploidy (data not shown). Our results

demonstrate that DEM-induced adaptation is a

reversible process, since withdrawal of the GSH

depleting agent from the culture medium restores

molecular phenotypes of control cells (i.e. GSH

concentrations); furthermore, mRNA/protein levels of

DEM-induced genes return to normal values within

short times; our results suggest an involvement of both

transcriptional and post-transcriptional/translational

mechanisms in the development of stress resistance in

our experimental models.

Increased resistance to oxidant-induced DNA

damages in adapted cells (see Comet assays) is

confirmed by a lower p38 phosphorylation upon

treatment of these cells with H2O2, and by a decreased

activation of NF-kB, a stress-responsive transcription

factor, whose DNA binding is decreased in presence

Figure 4. Stable overexpression of AROS-29 confers resistance to stress-induced DNA damage and apoptosis Panel A: Upper: Saos-2 cells

and AROS-29 stable clone 2 (Cl2), generated as described in “Materials and methods” section, were treated with H2O2 (1 mM for 30 min).

Quali/quantitative analysis of DNA damages was done by the Comet assay procedure as described in the legend of Figure 1. Lower:

Immunoblot analysis of protein extracts from Saos-2 cells and AROS-29 stable clone 2 (Cl2) with anti-HA antibodies, as described in

“Materials and methods” section. Panels B and C: AROS-29 stable clones, generated as described in “Materials and methods” section, were

pooled and treated with DEM (1 mM) and cisplatin (50mM). Quali/quantitative cytofluorimetric analyses of apoptosis induced by these two

drugs were done as described in “Materials and methods” section. Stained nuclei were analyzed with a fluorescence-activated cell sorter

(FACSVantage, Becton-Dickinson) and CellQuest software (Becton Dickinson). The data were analyzed using a Mod-Fit (Verity, Software

House, Inc.) cell cycle analysis program.
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of high levels of GSH ([34] and our unpublished

observations).

Several other experimental approaches, including

cDNA arrays and proteomic analyses, have been used

to identify the genes induced upon adaptive

mechanisms to oxidative stress [35–37]: they include

genes and/or proteins involved in mitochondrial

energy metabolism, in RNA processing and trans-

lation, chaperoning, protein folding, cellular signaling

and redox regulation. In agreement with these

observations, all the genes identified in this paper by

the mRNA differential display belong to the above-

described classes, thus confirming the involvement of

specific families of genes in adaptive molecular

programs. Modification of protein folding seems to

be one of the first mechanisms involved in the

adaptation [38]: reasonably, it can be considered a

defense mechanism against oxidant insults that cells

set up to avoid incorrect shape of the proteins and to

prevent their degradation. Molecular chaperones play

a fundamental role in this process: they are required

for the folding and the stabilization of many cellular

proteins; upon several kinds of stress, form molecular

complexes with different proteins to protect

them from possible damaging and degradative

mechanisms.

TRAP-1/hsp75, one of the products identified in

the present study, shares striking homology with

hsp90, one of the best known molecular chaperones

[25]. It will be of interest to verify whether these two

proteins share similar functions in the control of

protein folding, thus confirming that up-regulation of

TRAP-1 expression can be considered as an adapta-

tive response of Saos-2 cells to DEM-induced

oxidative stress.

Other proteins, whose expression is found consis-

tently regulated by oxidative insults, are the mito-

chondrial ones: we found that an acylCoA

thioesterase is several fold induced in our experimen-

tal conditions. Thioesterases control the acylation rate

of some proteins and their intracellular localization. It

was recently demonstrated that the acyl protein

thioesterase I was involved in the deacylation of Ha-

ras in vivo [24], thereby regulating its membrane

association. It will be interesting to investigate

whether oxidants play roles in the activation of small

G proteins, as ras, through post-translational modi-

fications, as the acylation and subsequent membrane

localization.

Another observation that arises from our studies

concerns with the identification of syntaxin3A that

was found to be up-regulated in DEM-adapted cells:

syntaxins include a family of compartment-specific

membrane-anchored proteins, known as SNARE,

highly involved in the control of vesicle transport [26].

It will be worthwhile to investigate on possible

relationships between intracellular traffic and oxidant

adaptation. Again, the up-regulation of syntaxin3A

expression upon DEM treatment could be interpreted

as a modification in the normal transport of proteins to

the apical plasma membrane that is probably one of

the sub-cellular compartment more sensitive to

oxidant insults. Lastly, the identification and partial

characterization of AROS-29 as a new trans-mem-

brane protein, and the finding that stable over-

expression of this protein in Saos-2 cells confers

increased resistance to both oxidants-induced DNA

damage and apoptosis, confirms important functional

roles of the identified genes in the protection against

oxidative stress.

Oxidative stress is involved in several diseases,

including Alzheimer’s disease and other neurological,

lung and blood disorders; it is also implicated in aging.

AROS-29 modifications could be investigated in

diseases involving oxidative stress. In addition, a

“reductive” induction of AROS-29 expression may

occur in response to antioxidant therapy, thereby

providing a reliable marker of its efficacy.

Finally, since several chemotherapeutic drugs are

known to function as anti-tumor agents by producing

ROS, it has been suggested that the resistance of

cancer cells to pro-oxidant conditions and apoptosis

may represent one of the mechanisms involved in the

resistance to chemotherapy. For example, it was

demonstrated that the pretreatment with hydrogen

peroxide is responsible for the adaptation to Adria-

mycin in some melanoma cell lines [39]. Preliminary

data suggest that the expression of some genes,

identified in this study, is likewise increased in cells

resistant to anticancer drugs (unpublished results).

Future experiments may, ultimately, contribute to the

identification of new molecular mechanisms involved

in chemoresistance.
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dell’Università e della Ricerca Scientifica e Tecnolo-

gica (PRIN 2004) and from Regione Campania

(L.R.n85, 2003).

References

[1] Halliwell B, Gutteridge J. MC oxygen toxicity, oxygen radicals

transition metals and disease. Biochem J 2002;219:1–14.

[2] Finkel T. Oxidant signals and oxidative stress. Curr Opin Cell

Biol 2003;15:247–254.

[3] Esposito F, Ammendola R, Faraonio R, Russo T, Cimino F.

Redox control of signal transduction, gene expression and

cellular senescence. Neurochem Res 2004;29(3):617–628.

[4] Finkel T, Holbrook NJ. Oxidants, oxidative stress and the

biology of ageing. Nature 2000;408:239–247.

[5] Meister A. Glutathione deficiency produced by inhibition of its

synthesis and its reversal. Pharmacol Ther 1991;51:155–194.

[6] Esposito F, Russo T, Cimino F. Generation of pro-oxidant

conditions in intact cells to induce modifications of cell cycle

regulatory proteins. Meth Enzymol 2002;352:258–268.

AROS-29 475

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/3
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



[7] Esposito F, Cuccovillo F, Vanoni M, Cimino F, Anderson CW,

Appella E, Russo T. Redox-mediated regulation of p21waf1/cip1

expression involves a post-transcriptional mechanism and

activation of the mitogen-activated protein kinase pathway.

Eur J Biochem 1997;245:730–737.

[8] Esposito F, Cuccovillo F, Russo L, Casella F, Russo T, Cimino

F. A new p21waf1 isoform is an early event of cell response to

oxidative stress. Cell Death Differ 1998;5:940–945.

[9] Esposito F, Russo L, Russo T, Cimino F. Retinoblastoma

protein dephosphorylation is an early event of cellular response

to prooxidant conditions. FEBS Lett 2000;470:211–215.

[10] Esposito F, Chirico G, Montesano Gesualdi N, Posadas I,

Ammendola R, Russo T, Cirino G, Cimino F. Protein kinase B

activation by reactive oxygen species is independent of tyrosine

kinase receptor phosphorylation and requires src activity. J Biol

Chem 2003;278:20828–20834.

[11] Lindquist S, Craig EA. The heat-shock proteins. Annu Rev

Genet 1988;22:631–677.

[12] Bardos JI, Ashcroft M. Negative and positive regulation of

HIF-1: A complex network. Biochim Biophys Acta Jul 25

2005;1755(2):107–120.

[13] Zhou J, Schmidt T, Frank R, Brune B. PI3K/Akt is required

for heat shock proteins to protect hypoxia-inducible factor 1a

from pVHL-independent degradation. J Biol Chem

2004;279:13506–13513.

[14] Eiamphungporn W, Nakjarung K, Prapagdee B, Vattanavi-

boon P, Mongkolsuk S. Oxidant-inducible resistance to

hydrogen peroxide killing in Agrobacterium tumefaciens

requires the global peroxide sensor-regulator OxyR and

KatA. FEMS Microbiol Lett 2003;225:167–172.

[15] Ceaser EK, Moellering DR, Shiva S, Ramachandran A,

Landar A, Venkartraman A, Crawford J, Patel R, Dickinson

DA, Ulasova E, Ji S, Darley-Usmar VM. Mechanisms of signal

transduction mediated by oxidized lipids: The role of the

electrophile-responsive proteome. Biochem Soc Trans

2004;32:151–155.

[16] Dickinson DA, Moellering DR, Iles KE, Patel RP, Levonen

AL, Wigley A, Darley-Usmar VM, Forman H. Cytoprotection

against oxidative stress and the regulation of glutathione

synthesis. J Biol Chem 2003;384:527–537.

[17] Lee YJ, Cho HN, Soh JW, Jhon GJ, Cho CK, Chung HY, Bae S,

Lee SJ, Lee YS. Oxidative stress-induced apoptosis is mediated

by ERK1/2 phosphorylation. Exp Cell Res 2003;15:251–266.

[18] Lee BR, Um H-D. Hydrogen peroxide suppresses U937 cell

death by two different mechanisms depending on its

concentration. Exp Cell Res 1999;248:430–438.

[19] Spitz DR, Mackey MA, LI GC, Elwell JH, McCormick ML,

Oberley LW. Relationship between changes in ploidy and

stable cellular resistance to hydrogen peroxide. J Cell Physiol

1989;139:592–598.

[20] Rushmore TH, King RG, Paulson KE, Pickett CG.

Regulation of glutathione S-transferase Ya subunit gene

expression: Identification of a unique xenobiotic-responsive

element controlling inducible expression by planar aromatic

compounds. Proc Natl Acad Sci USA 1990;87:3826–3830.

[21] Leahy KP, Crawford DR. Adapt78 protects cells against stress

damage and suppresses cell growth. Arch Biochem Biophys Jul

15 2000;379(2):221–228.

[22] Smith K, Vierheller TL, Thorne CA. Assay of glutathione

reductase in crude tissue homogenates using 5,50-dithiobis

(2-nitrobenzoic acid). Anal Biochem 1988;175:408–413.

[23] Singh NP, McCoy MT, Tice RR, Schneider EL. A simple

technique for quantitation of low levels of DNA damage in

individual cells. Exp Cell Res 1988;175:184–191.

[24] Poupon V, Begue B, Gagnon J, Dautry-Varsat A, Cerf-

Bensussan N, Benmerah A. Molecular cloning and character-

ization of MT-ACT48, a novel mitochondrial acyl-CoA

thioesterase. J Biol Chem 1999;274:19188–19194.

[25] Felts SJ, Owen BAL, Nguyen P, Trepel J, Donner DB, Toft

DO. The hsp90-related protein TRAP-1 is a mitochondrial

protein with distinct functional proteins. J Biol Chem

2000;275:3305–3312.

[26] Kauppi M, Wohlfahrt G, Olkkonen VM. Analysis of the

Munc18b-synthaxin binding interface. J Biol Chem

2002;277:43973–43979.

[27] Sun TQ, Lu B, Feng JJ, Rehinard C, Jan YN, Fanti WJ,

William LT. PAR-1 is a disheveled-associated kinase and a

positive regulator of Wnt signaling. Nat Cell Biol 2001;

3:628–636.

[28] Puertollano R, Aguilar RC, Gorshkova I, Crouch RJ,

Bonifacino JS. Sorting of mannose 6-phosphate receptors

mediated by the GGAs. Science 2001;292:1712–1716.

[29] Hesterkamp T, Bukau B. Role of the DnaK and HscA

homologs of Hsp70 chaperones in protein folding in E. coli.

EMBO J 1998;17:4818–4828.

[30] Morales MC, Perez-Yarza G, Nieto-Rementeria N, Boyano

MD, Jangi M, Atencia R, Asumendi A, et al. Intracellular

glutathione levels determine cell sensitivity to apoptosis

induced by the antineoplasic agent N-(4-hydroxyphenyl)

retinamide. Anticancer Res May–Jun 2005;25(3B):

1945–1951.

[31] Rocchi P, Tonelli R, Camerin C, Purgato S, Fronza R,

Bianucci F, Guerra F, Pession A, Ferreri AM. p21waf1/Cip1 is a

common target induced by short-chain fatty acid HDAC

inhibitors (valproic acid, tributyrin and sodium butyrate) in

neuroblastoma cells. Oncol Rep Jun 2005;13(6):1139–1144.

[32] Wu Y, Zhang WY, Bardag-Gorce F, Aguilo J, Zeng Y, Hwang

K, French SW, Lu SC, Wan YJ. Retinoid X receptor alpha

regulates glutathione homeostasis and xenobiotic detossifica-

tion processes in mouse liver. Mol Pharmacol 2004;

65:550–557.

[33] Weise AG, Pacifici RE, Davies KJA. Transient adaptation to

oxidative stress in mammalian cells. Arch Biochem Biophys

1995;318:231–240.

[34] Stal FJ, Roederer M, Herzenberg LA. Intracellular thiols

regulate activation of NF-kB and transcription of human

immunodeficienct virus. Proc Natl Acad Sci USA

1990;87:9943–9947.

[35] Ha Mk, Chung KY, Bang D, Park YK, Lee KH, et al.

Proteomic analysis of the proteins expressed by hydrogen

peroxide treated cultured human dermal microvascular

endothelial cells. Proteomics Apr 2005;5(6):1507–1519.

[36] Seong JK, Kim DK, Choi KH, Oh SH, Kim KS, Lee S-S, Um

H-D. Proteomic analysis of the cellular proteins induced by

adaptive concentrations of hydrogen peroxide in human U937

cells. Exp Mol Med 2002;34:374–378.

[37] Kimball D, Poon HF, Lynn BC, Cai J, Pierce Jr, WM, Klein

JB, Ferguson J, Link CD, Butterfield DA. Proteomic

identification of proteins specifically oxidized in Caenor-

habditis elegans expressing human Abeta(1–42): Implications

for Alzheimer’s disease. Neurobiol Aging Aug 10 2005 [Epub

ahead of print].

[38] Tu BP, Weissman JS. Oxidative protein folding in eukaryotes:

Mechanisms and consequences. J Cell Biol 2004;164:

341–346.

[39] Anuszevska EL, Gruber BM, Koziorowska JH. Studies on

adaptation to adriamycin in cells pretreated with hydrogen

peroxide. Biochem Pharmacol 1997;54:597–603.

N. Montesano Gesualdi et al.476

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/3
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


