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The extracellular y-glutamyltransferase-mediated metabolism of glutathione has been
implicated in prooxidant events which may have impact on cellular functions including
drug resistance. This study was performed in two GGT-transfected melanoma clones to
explore the hypothesis that GGT expression in tumour cells is implicated in modulation
of cell behaviour under stress conditions. Our results show that GGT-overexpression in
melanoma cells was associated with resistance to oxidative stress produced by prooxidant
agents such as hydrogen peroxide and ascorbic acid. In GGT-overexpressing cells, ability to
tolerate oxidative stress was evidenced by the presence of a moderate level of ROS and lack
of DNA damage response following treatment with H,0,. Cellular response to oxidative
stress induced by ascorbic acid was detectable only in the clone with low GGT activity
which also exhibited an increased susceptibility to apoptosis. The increased resistance of
the GGT-overexpressing clone was not related to intracellular GSH content but rather to
the increased expression of catalase and to a reduced efficiency of iron-mediated formation
of toxic free radicals. Taken together, these findings are consistent with a contribution of
GGT in the mechanisms of drug resistance, because induction of oxidative stress is a rele-
vant event in the apoptotic response to cytotoxic agents.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

resistance to cytotoxic therapy.! However, recent evidence
supports a complex role of GGT in modulation of redox equi-

y-Glutamyltransferase (GGT), an ecto-enzyme over-expressed
in a number of tumour cell types, is involved in cellular
homeostasis of the major antioxidant tripeptide, glutathione
(GSH). GGT catalyses the first step in the hydrolysis of extra-
cellular GSH, ultimately allowing the recovery of cysteine,
and for this reason it has been traditionally regarded as a
major factor in the reconstitution of cellular antioxidant
defences. Indeed, several studies have been devoted to the
relationship between GGT expression and maintainance of
cellular levels of GSH, which plays an important role in cancer
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libria, with pathophysiological effects on both intracellular
functions and extracellular microenvironment.? We have pro-
posed that some of these effects may be implicated in tumour
progression and drug resistance.® The persistent, low-level
oxidative stress associated with GGT expression* might in
fact stimulate the induction in cancer cells of protective sys-
tems involved in detoxification and/or resistance to cytotoxic
agents.

To further explore the hypothesis that GGT (over)expres-
sion may provide cancer cells with survival advantages
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under stress conditions, in the present study we have
investigated the cellular response of two human melanoma
cell clones, characterised by a marked difference in GGT
expression, to two agents affecting cellular redox status,
hydrogen peroxide (H,0,) and ascorbic acid (AA). The results
provide evidence that GGT overexpression in melanoma
cells is associated with increased resistance to oxidative
stress and AA-induced apoptosis. This effect is unrelated
to cellular content of GSH, but rather appears to depend
on the induction of protective (antioxidant, antiapoptotic)
mechanisms.

2. Materials and methods

2.1. Chemicals

Unless otherwise indicated, all reagents were from Sigma
Chemical Co. (St. Louis, MO, USA).

2.2. Cell lines and culture conditions

Two human melanoma cell clones expressing different GGT
activity and obtained as previously described® were used.
Briefly, the c21/GGT clone and the c21/basal clone expressing
high (90.78 +3.40 mU/mg of cellular protein) and low
(0.34 £ 0.13 mU/mg of cellular protein) GGT activity respec-
tively, were obtained by stable transfection of low-expressing
GGT activity Me665/2/21 clone (c21) with the full-length cDNA
of human GGT. Cells were routinely grown in RPMI 1640 med-
ium, supplemented with 10% (v/v) heat-inactivated foetal calf
serum, 2 mM L-glutamine (L-Gln) and 0.5 mg/ml G418 (Gibco),
at 37 °C in a 5%/95% CO,/air atmosphere.

2.3.  Determination of GGT activity

Confluent cell monolayers were harvested with hypotonic ly-
sis buffer (10 mM Tris-HCI, pH 7.8) and disrupted by a tight-
fitting glass-glass Dounce homogeniser (30 strokes, 4 °C).
Determination of GGT activity was performed according to
Huseby and Strgmme® using y-glutamyl-p-nitroanilide as sub-
strate and glycyl-glycine as transpeptidation acceptor. The
amounts of p-nitroaniline formed were measured by reading
the absorbance at 405 nm and using a molar extinction coef-
ficient of 9200 mol/L- cm. One unit of GGT activity was defined
as 1 pmol of substrate transformed/ml/min. The results were
expressed as mU/mg protein.

2.4.  Drugs and treatment conditions

Experiments with hydrogen peroxide (H,O,, 3% solution in
water; OLCELLI Farmaceutici, Italy) and ascorbic acid (AA,
1000 mg/5 ml; S.A.L.E, Italy) were performed by incubating
cells for 2 h at 37 °C in RPMI 1640 medium supplemented with
10% (v/v) heat-inactivated foetal calf serum. In a separate set
of experiments, incubations with AA were performed in the
presence of glutathione (GSH, 0.5 mmol/L) and glycyl-glycine
(glygly, 20 mmol/L), in order to achieve full activation of
GGT.® Other experiments were performed in the presence of
the iron chelators deferoxamine mesylate (DFO; 500 pM) and
2,2'-bipyridyl (BIP; 500 uM) and the antioxidant catalase

(200 U/ml). Other experimental details are given in the leg-
ends to individual figures.

2.5.  Cell viability assay

Cell sensitivity to hydrogen peroxide and ascorbic acid was
determined by growth inhibition assay. Briefly, cells were
seeded in 12-well plates (50,000 cells/well), 24 h before exper-
iments. Cells were exposed to the drugs for 2h and then
washed, medium was changed, and cultures were grown up
to 72 h.

After 72 h, adherent cells were trypsinised and counted
by a cell counter (Coulter Electronics, Luton, UK). ICso val-
ues, derived from dose-response curves, were defined as
drug concentrations required for 50% inhibition of cell
growth.

2.6.  Reactive oxygen species (ROS) determination

Intracellular production of ROS was determined using the
H,0, sensitive compound 2’,7'-dichlorofluorescin diacetate
(DCFH-DA, Molecular Probes, Invitrogen, USA) as previously
described.”

This method measures the formation of intracellular ROS.
After diffusion into viable cells, DCFH-DA is converted by
intracellular esterase to 2',7’-dichlorofluorescin (DCFH) which
is able to react quantitatively with reactive oxygen species
within the cell thus producing the fluorescent dye 2',7'-
dichlorofluorescin (DCF). The latter remains trapped within
the cells and can be measured as an index of intracellular
ROS production.

Twenty-four hours after a 2 h treatment with H,0, or ascor-
bic acid, cells were incubated with DCFH-DA (10 pmol/L; dis-
solved in DMSO), at 37 °C for 20 min. Culture medium was
then removed, adherent and floating cells were washed twice
with phosphate-buffered saline (PBS) and then collected. DCF
fluorescence was detected by a flow cytometer (Becton Dickin-
son); for each sample 10,000 events were collected.

2.7. Cell cycle analysis

For cell cycle analysis, 24 h after drug treatments cells were
washed, fixed in ice-cold 70% ethanol, and stored at —20 °C.
Subsequently, samples were rehydratated with PBS and cellu-
lar DNA was stained with 10 pg/ml propidium iodide in PBS,
containing RNase A (66 U/ml). Cell cycle distribution was
determined by flow cytometry, and data were analysed by Cell
Quest® software; for each sample 40,000 events were
collected.

2.8. Western blot analysis

Cells were rinsed twice with ice-cold PBS supplemented
with 0.1 mM sodium orthovanadate, and then lysed in hot
sample buffer.? After determination of protein concentra-
tion, whole-cell extracts were separated by SDS polyacryl-
amide gel electrophoresis (PAGE) and transferred onto
nitrocellulose membranes. Immunoreactive bands were
revealed by enhanced chemiluminescence detection (Amer-
sham Biosciences, Rockford, IL) using anti-Bcl-2 (Dako,
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Denmark), anti-Bax and anti-caspase 3 (BD Pharmingen,
USA), anti-y-H,AX (Upstate Biotechnology, USA), anti-RPA-2
(NeoMarker, USA), anti-cytochrome C (BD Pharmingen),
anti-phospho-p53(Ser’®) (Cell Signaling Technology, USA)
and anti-actin (Sigma) antibodies.

2.9.  Determination of apoptosis

Apoptosis was determined by TUNEL assay 72h after 2h
exposure to treatments. Treated cells were fixed in 4% para-
formaldehyde (RT, 60 min), washed and resuspended in
ice-cold PBS. The in situ cell death detection kit (Roche, Ger-
many) was used according to the manufacturer’s instructions,
and samples were analysed by flow cytometry.

2.10. Determination of cytochrome c release from
mitochondria

Melanoma cells were exposed to equitoxic H,O, (100 pM and
4.6 mM for c21/basal and c21/GGT, respectively) or ascorbic
acid concentrations (0.03 mM and 0.06 mM for c21/basal and
€21/GGT, respectively) for 2h. Floating and adherent cells
were harvested and cytosolic extracts were prepared as de-
scribed.’ Briefly, cells were disrupted by a Dounce homoge-
niser (30 strokes) in ice-cold lysis buffer (20 mM HEPES-KOH,
pH 7.5, 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA,
250 mM sucrose, 0.5mM phenyl-methyl-sulfonyl fluoride,
10 pg/ml leupeptin, 10 pg/ml aprotinin and 10 pg/ml trypsin
inhibitor), then samples were centrifuged at 20,000 g for
20 min. Supernatants were stored at —70 °C until gel electro-
phoresis. Cytosolic protein extracts were run on a 15%
SDS-PAGE gel and processed for Western blot analysis as de-
scribed above.

2.11. Determination of catalase activity

The Amplex Red Catalase Assay Kit, used for this determina-
tion, was purchased from Molecular Probes (USA). In this as-
say, catalase first reacts with hydrogen peroxide to produce
water and oxygen, then the Amplex Red reagent reacts with
any unreacted H,0, in the presence of horseradish peroxidase
(HRP) to produce the highly fluorescent oxidation product,
resorufin.

Catalase activity was determined 24 h after cell treat-
ments. Briefly, cells were rinsed twice with ice-cold PBS
supplemented with 0.1 mM sodium orthovanadate and then
lysed in hot sample buffer.? Samples were then used to eval-
uate spectrophotometrically (550 nm) activity
according to manufacturer’s instructions.

catalase

2.12. Other determinations

Protein content was determinated by the method of Bradford
(Bio-Rad protein assay). Glutathione peroxidase activity was
determined as described.'® Glutathione (GSH) and glutathione
disulfide (GSSG) were determined by enzymatic/spectropho-
tometric method.”

The reported values represent the mean + standard devia-
tion (SD) of at least three independent experiments. Statisti-
cal significance was assessed by ANOVA.

3. Results

3.1. Biochemical characterisation of cell clones

The study was performed on two human melanoma clones,
characterised by a marked difference in GGT activity (Table
1), the c21/GGT clone exhibiting a high GGT activity
(90.8 £ 3.4 mU/mg protein), in contrast to the low activity
of the c21/basal clone (approx. 180 times lower). In spite
of the substantial difference in GGT activity and expression
(not shown), the GSH content was marginally higher in the
c21/basal clone. Interestingly, the content of GSSG was
appreciably increased in the GGT-overexpressing clone
and the increased GSSG/GSH ratio supports conditions of
oxidative stress. Cell doubling time was not modified by
transfection procedures, and was approximately 24h in
both clones.

3.2. Cell response to H,0,-induced oxidative stress

We have investigated whether the overexpression of GGT
could influence the antiproliferative activity of hydrogen
peroxide. The effects of H,0, were investigated both in
standard cell culture conditions and in medium supple-
mented with GSH (500 uM) and glycyl-glycine (20 mM), in
order to achieve full activation of GGT.° As shown in
Fig. 1, when cells were exposed for 2 h to hydrogen perox-
ide under standard conditions, a different response was ob-
served, with an ICso value for c21/GGT cells (2.3 mM) about
50 times higher than that observed for c21/basal cells
(0.05 mM). Similar differences were observed when clones
were exposed to H,0, in conditions of full GGT activation
(data not shown).

On the basis of these results, two equitoxic hydrogen per-
oxide concentrations (4.6 mM and 100 uM for c21/GGT and
c21/basal clone, respectively, causing approx. 70% inhibition
of cell growth in standard culture medium) were chosen for
subsequent experiments.

3.3. Effects of H,0; on intracellular ROS production

Analysis of ROS production was performed 24 h after the end
of H,O, treatment. As shown in Fig. 2, in spite of the higher
concentration of H,0, applied, in the c21/GGT clone the extent
of intracellular ROS production was lower than in c21/basal
cells.

Table 1 - Melanoma clones characterisation

c21/GGT c21/basal
GGT activity (mU/mg protein) 90.78 + 3.4 0.344 +0.13
GSH content 51.25+10.75 67.56 + 8.6
(nmol GSH eq./mg protein)
GSSG content 1.05+0.12 0.33+0.32

GSSG/GSH ratio (%) 2.05 0.49
Doubling time (h) 24+0.8 24+12
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Fig. 1 - Cytotoxic effect of H,0, on ¢21/GGT and c21/basal
clone. Cells were treated for 2 h with H,0, and cell viability
was evaluated 72 h after the treatment by cell counting. Data
are the mean of three independent experiments.
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Fig. 2 - ROS induction 24 h after a 2 h H,0, exposure. Cells
treated with H,0, (4.6 mM and 100 pM for ¢21/GGT and c21/
basal clone, respectively) were incubated with 10 pmol/L
DCFH-DA. The DCF fluorescence was detected by FACScan
flow cytofluorimeter. One representative experiment out of
three was reported. The percentages of DCF-positive cells
are reported in each dot plot.

3.4. Effects of H,0, on cell cycle

As shown in Fig. 3, equitoxic concentrations of H,0, caused
different effects on cell cycle distribution in the two clones.
24h after a 2h-exposure to H,0,, an accumulation in G2

Control H,0,
g G14891 o G129.24
i S 30.05 S3144 21/GGT
2 G221.04 £ G239.32
s s
w w
o o
0 1023 0 1023
< G151.06 o G125.90
S &
= S 30.70 s 55.90
2 G21825 @ 21890 C21/basal
8 g
it it
o ol
0 1023 0 1023

Fig. 3 - Cell cycle distribution after H,0, exposure. Cells
treated with the same equitoxic concentrations of H,0, used
for ROS induction analyses were examined for cell cycle
distribution 24 h after the end of treatment. The percentages
of cells in G1, S or G2 phases are reported in each histogram.

phase was observed for c21/GGT cells, while the c21/basal
clone showed an arrest in S phase concomitant with a de-
creased percentage of cells in G1 phase.

To elucidate the reasons for the differences observed, we
examined the activation of three selected proteins involved
in DNA damage/repair response, i.e. histone y-H,AX, phos-
pho-p53 (Ser™) and RPA-2. As assessed by western blot anal-
ysis (Fig. 4), exposure to equitoxic concentrations of H,0,
induced a higher induction of y-H,AX phosphorylation and
phospho-p53 (Ser™®) in c21/basal than in c21/GGT cells,
whereas RPA-2 was not activated in either clones.

c21/GGT c21/basal
1 2 1 2
+H,AX —_—
phospho-p53 (Ser1s) ——
—-— — RPA
-— cm actin e D

Fig. 4 - Induction of DNA damage response in c21/GGT and
c21/basal cells exposed to equitoxic H,0, concentration for
2 h. After 24 h from the end of treatment, cells were lysed
and processed for Western blotting. 1 = control, 2 = H,0,
treatment (4.6 mM for c21/GGT and 100 pM for c21/basal
clone). Loading control is shown by actin.
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Fig. 5 — Antiproliferative effect of ascorbic acid. Dose-
dependent effects 72 h after a 2 h ascorbic acid treatment of
c21/GGT and c21/basal cells, in GGT activating condition.
Data are the mean of three independent experiments.

3.5.  Effects of ascorbic acid on cell proliferation

Exposure to AA for 2 h was able to exert an antiproliferative
effect, which was two times higher in c21/basal than in c21/
GGT cells (Fig. 5). Again, the differences observed between
the two clones were similar in standard culture conditions
and in the medium enriched with GSH and glycyl-glycine to
activate GGT, even if in the latter condition AA citotoxicity
was higher (Table 2). On the basis of these results, two equi-
toxic concentrations of AA (0.06 mM and 0.03 mM for c21/
GGT and c21/basal, respectively, causing approximately 30%
inhibition of cell growth in GGT activating condition) were
chosen for subsequent experiments.

3.6. Iron-mediated antiproliferative effects of H,0,
and ascorbic acid

The involvement of redox-active iron in oxidative stress pro-
cesses is a well established mechanism.!* To explore the pos-

Table 2 - Comparison of sensitivity of c21/GGT and c21/

basal cells to ascorbic acid in standard culture medium
and in GGT activating condition

IC50 (mM)
c21/GGT c21/basal
Standard culture medium 0.4 +0.06 0.2+0.07
GGT activating condition 0.1+0.05 0.049 + 0.001

sible role of iron in H,0, and AA cytotoxicity, we evaluated the
cellular response to these oxidative agents after lowering
extra- and/or intracellular free (ionic) iron concentrations. In
order to remove extracellular iron, incubation mixtures were
pre-treated with the iron chelator DFO, 1 h at 37 °C, before cell
treatments. As shown in Fig. 6A-B, pre-treatment with DFO
resulted in a reduced antiproliferative activity of H,0, and
AA in both clones. Interestingly, when the same incubation
mixtures were pre-treated with bipyridyl, an iron chelator
capable of entering the cell and chelating both extra- and intra-
cellular free iron,'? the antiproliferative effect of H,O, and AA
was almost completely prevented (Fig. 7A-B). The crucial role
played by redox-active iron was further confirmed in experi-
ments carried out at equimolar concentrations of AA. Indeed,
in the presence of bipyridyl the sensitivity of c21/basal cells
to AA was markedly reduced, down to a value similar to that
observed in c21/GGT cells (from 65% to 40% dead cells, Fig. 8A).

3.7.  Suppression of AA antiproliferative effects by
exogenous catalase

Further experiments were performed to assess the involve-
ment of hydrogen peroxide in AA antiproliferative effect. As
shown in Fig. 8B, after pre-treatment with catalase (200 U/ml,
1h, 37 °C) sensitivity to AA was significantly reduced in both
clones, and the difference between clones was abolished.
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Fig. 6 - Cellular sensitivity of c21/GGT (A) and c21/basal (B)
cells to H,0, and ascorbic acid in the presence or absence of
DFO. Cells were treated for 2 h with a medium pre-incubated
with ascorbic acid or H,0, in the presence/absence of DFO
(500 pM; 1 h, 37 °C). 1 = control; 2 = H,0, (4.6 mM and 100 pM
for c21/GGT and c21/basal, respectively); 3 = AA (0.06 mM
and 0.03 mM for c21/GGT and c21/basal, respectively).
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Fig. 7 - Cellular sensitivity of c21/GGT (A) and c21/basal (B)
cells to H,0, and ascorbic acid in the presence or absence of
bipyridyl (BIP). Cells were treated for 2 h with a medium pre-
incubated with ascorbic acid or H,0, in the presence/
absence of bipyridyl (500 pM; 1 h, 37 °C). 1 = control; 2 = H,0,
(4.6 mM and 100 pM for c21/GGT and c21/basal, respectively);
3 = AA (0.06 mM and 0.03 mM for ¢21/GGT and c21/basal,
respectively).

3.8.  AA treatment causes induction of apoptosis and ROS
production

Fig. 9 shows the results obtained with TUNEL assay 72 h after
treating clones for 2h with equitoxic concentration of AA.
Ascorbic acid was able to cause a marked apoptotic cell death
in c21/basal clone (27% TUNEL positive cells) while no apprecia-
ble effect was detectable in c21/GGT cells (3% TUNEL positive
cells). Deeper analysis of the apoptotic behaviour of the two
clones showed that cytochrome c release was induced by AA
treatment in both clones (Fig. 10A), whereas cleavage of CPP32
was detectable only in c21/basal clone (Fig. 10B). No differences
were observed either for Bax or Bcl-2 protein levels (Fig. 10B).

Fig. 11 shows intracellular ROS induction in the two clones
under the same experimental conditions used in TUNEL as-
say. DCF fluorescence induced by AA in c21/basal was at least
six times higher than in c21/GGT cells.

3.9. AA treatment activates DNA damage response and
cell cycle arrest

DNA damage and cell cycle progression were investigated
24 h after AA treatment. The results showed an activation of
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Fig. 8 - Cellular sensitivity of c21/GGT and c21/basal clone to
ascorbic acid 0.06 mM in the presence or absence of
bipyridyl (BIP) (A) or in the presence or absence of catalase
200 U/ml (B). (A) Cells were treated for 2 h with a medium
pre-incubated with ascorbic acid (equimolar concentration,
0.06 mM) in the presence/absence of bipyridyl (500 pM; 1 h,
37 °C). 1 = control; 2 = AA 0.06 mM; 3 = AA (0.06 mM in the
presence of bipyridyl 500 pM). (B) Cells were treated with a
medium containing ascorbic acid (equimolar concentration,
0.06 mM) or ascorbic acid and catalase 200 U/ml. 1 = control;
2=AA 0.06 mM and 3 = AA (0.06 mM in the presence of
catalase 200 U/ml).

DNA-damage responsive histone y-H,AX and phospho-p53
(Ser™), which was more marked in c21/basal cells (Fig. 12).
Cell cycle analysis indicated an accumulation of both clones
in S phase (Table 3), suggesting the activation of a DNA dam-
age checkpoint.

3.10. Constitutive catalase activity in c21/GGT cells

In order to elucidate the cellular basis for lower presence of
ROS after H,0, and AA treatment in c21/GGT cells, two major
cellular enzymes involved in hydrogen peroxide catabolism,
catalase and glutathione peroxidase, were investigated. Basal
catalase activity was actually two times higher in ¢21/GGT
than in c21/basal cells (Fig. 13). This difference reflected the
expression of the enzyme as documented by Western blot
analysis. Treatment with H,0, induced a further increase of
catalase activity, more evident in c21/basal cells. A marked
induction of catalase activity (56%) was caused by AA treat-
ment only in c21/basal cells. In all conditions studied, cata-
lase activity was anyway higher in c21/GGT cells. In both
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Fig. 9 - Apoptosis induced by ascorbic acid. Cells were
exposed for 2 h to 0.06 mM and 0.03 mM ascorbic acid
corresponding to equitoxic value in ¢21/GGT and c21/basal
cells, respectively. Apoptosis was detected by TUNEL assay
72 h after the end of the treatment and determined by FACS
analysis. Numbers in the dot-plots indicate the percentage
of tunel positive cells.
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Fig. 10 - Effect of ascorbic acid treatment on the apoptotic
pathway. (A) Effect of ascorbic acid on cytochrome c release.
The two cell lines were exposed to equitoxic concentration
of ascorbic acid and the cytosolic extracts were prepared
24 h after the drug exposure. (B) Bax, Bcl-2 and CPP32
cleavage levels. Total cellular extracts were obtained 24 h
after cell treatment. Tubulin is shown as a control for protein
loading. Lane 1: control; lane 2: ascorbic acid.

clones, no substantial modifications were found in catalase
expression after treatments.

With regard to glutathione peroxidase basal activity, no
differences were found between the two clones (8.5+1.1
and 8.4 = 0.8 mU/mg of protein for c21/GGT and c21/basal
cells, respectively).
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Fig. 11 - ROS induction by ascorbic acid. Cells were exposed
for 2 h to 0.06 mM and 0.03 mM ascorbic acid for c21/GGT
and c21/basal cells, respectively. After 24 h, ROS levels were
detected by DCFH-DA assay and determined by FACS
analysis.
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Fig. 12 - Induction of DNA damage response in c21/GGT and
c21/basal cells exposed to equitoxic ascorbic acid concen-
tration for 2 h. Protein expression of phospho-p53 (Ser’®),
RPA, y-H,AX, and actin (loading control) after ascorbic acid
treatment. 1 = Control, 2 = ascorbic acid treatment (0.06 mM
and 0.03 mM for c21/GGT and c21/basal respectively).

4, Discussion

In the melanoma cell system used in the present study, we
found that overexpression of GGT was associated with a re-
duced sensitivity to oxidative stress caused by H,0,, as well
as to cytotoxic effects of ascorbic acid. The GGT-overexpress-
ing c21/GGT cells were markedly more resistant to H,O, and
AA treatments, approx. 50- and 2-fold more than the c21/ba-
sal clone (Figs. 1 and 5). The ability of ascorbic acid to induce
indirectly oxidant effects is a well established phenomenon,
described in different cell types™™° and different culture con-
ditions,'®*” and likely related to AA interactions with trace
levels of transition metal ions present in many incubation
media. Thus, an increased resistance of ¢21/GGT clone to oxi-
dative injury could explain both observations. Only moderate
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Table 3 - Cell cycle distribution of c21/GGT and c21/basal cells after treatment with equitoxic concentration of ascorbic acid

(one experiment representative of three is shown)

€21/GGT c21/basal

G1 S G2 G1 S G2
Control 52.3 28.04 19.66 47.69 29.22 23.1
Ascorbic acid 29.17 48.46 22.37 32.97 53.82 13.21
c c21/GGT e— Anyway, a short—t.ime exposure to ?ytOtO.XiC. conce.ntratit?ns
& 200 of hydrogen peroxide or AA resulted in a significant induction
g_ 180 s of catalase activity, but not of its expression level. Thus it is
6 150 conceivable that an acute oxidative stress causes an activa-
E S Sy tion of the catalase already present in the cell, whereas a
= low persistent oxidative stress, present in the GGT-over-
é L ] expressing cells as a consequence of GGT-mediated extracel-
5 1001 lular metabolism of GSH, results in modulation of protein
E 80 expression (Fig. 13).
: 60 Ascorbic acid was used in this study as a prooxidant agent
2 W to explore possible pharmacological implications of the fea-
= tures acquired by the GGT-overexpressing phenotype, because
s 2 AA may have a therapeutic potential in melanoma.'®% In
S2HED spite of a comparable perturbation induced by AA on cell cycle
w 5 _1 -_2- 3 : = ) catalase with partial accumulation of cells in S-phase, the final out-
< 73 prer— — come was substantially different in the two clones. In the
2 & more sensitive c21/basal clone, typical manifestations of oxi-
g% dative stress were observed, including production of ROS

Fig. 13 - Catalase activity and expression. Cells were
exposed for 2 h to H,0, or to ascorbic acid, and catalase
activity and expression were determined 24 h after treat-
ment (see Materials and Methods for details). Actin is
shown as loading control. One representative analysis out
of three is shown. 1, control; 2, H,0, (4.6 mM and 100 uM for
c21/GGT and c21/basal cells, respectively); 3, Ascorbic Acid
(0.06 mM and 0.03 mM for c21/GGT and c21/basal cells,
respectively).

levels of ROS were indeed produced in c21/GGT cells following
exposure to relatively high concentrations of H,0, (Fig. 2),
while paradoxically higher levels of ROS were produced in
c21/basal clone (Fig. 9) exposed to substantially lower (equi-
toxic) H,O, concentrations. Consistent with this finding,
H,0, treatment produced no DNA damage response in c21/
GGT clone, i.e. neither histone y-H,AX phosphorylation nor
S phase checkpoint activation, wherease a typical DNA dam-
age response was found in c21/basal clone, with S phase cell
accumulation and phosphorylation of both histone y-H,AX
and p53 (Fig. 4).

The increased catalase expression and activity observed in
untreated c21/GGT cells (two times higher as compared to
c21/basal, Fig. 13) could account for the increased ability of
this clone to tolerate oxidative stress, and likely reflects an
adaptation phenomenon. In fact, GGT-mediated metabolism
of extracellular GSH is known to produce prooxidant effects,
including production of H,0,."® The occurrence of low but
persistent oxidative stress in c21/GGT cells is consistent with
a higher GSSG/GSH ratio (Table 1). It is likely that the ongoing
GGT-mediated production of prooxidant can induce activa-
tion of protective pathways, including catalase expression.

(Fig. 11), DNA damage response (y-H,AX and p53 phosphoryla-
tion, Fig. 12) and activation of cell death pathways (cyto-
chrome c release and caspase activation, Fig. 10). In contrast,
following AA treatment the less responsive c21/GGT clone
exhibited only marginal signs of genotoxic stress, with no evi-
dence of apoptotic cell death. Such findings might be ex-
plained by the occurrence in c21/GGT clone of marginal,
easily repairable DNA damage, and/or by a lack of recognition
of DNA lesions. AA is known to induce prooxidant effects, and
it was shown that the formation of H,0, is a critical step in its
cytotoxicity.”>*® In agreement with this interpretation, the
addition of exogenous catalase provided a substantial protec-
tion in our experiments (Fig. 8B). Therefore, the increased
resistance of c21/GGT cells to AA more likely reflects their in-
creased ability to detoxify H,0, following upregulation of cel-
lular catalase activity.

It is well established that prooxidant rather than antioxi-
dant effects of AA depend on its interactions with transition
metal ions, in particular iron.?* Iron can also interact with
H,0, in the so-called Fenton reaction, leading to production
of highly reactive and toxic hydroxyl radicals.?? Indeed, data
reported indicate that free, redox-active iron is implicated in
the phenomena observed. When the iron-chelating agent
DFO was added to incubation mixtures, attenuation of cyto-
toxicity of both H,0, and AA was in fact observed (Fig. 6),
and even stronger protection was achieved using 2,2'-bipyri-
dyl, an agent able to permeate cells and hence to chelate both
extracellular and intracellular free iron (Figs. 7 and 8A). Rele-
vant to this point is the observation that, following exposure
to an equimolar concentration (60 pM), the differential toxic-
ity of AA between the two clones can be abolished by treating
the c21/basal clone with 2,2’-bipyridyl. The lower sensitivity
of the GGT-expressing clone could thus support a lower
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Fig. 14 - Scheme for the proposed mechanism of action of AA and H,0, on the two melanoma clones and possible defence
mechanisms. AA, ascorbic acid; BIP, bipyridyl; CAT, catalase; DFO, deferoxamine; DHA, dehydroascorbic acid.

content of intracellular free iron, required for the efficiency of
redox-cycling processes, necessary to overdraw the inner
oxidative burst. Indeed, free iron is known to participate in
reaction resulting in free radical formation and oxidative
stress leading to DNA damage and cell death. On the other
hand, we have previously shown that iron-mediated oxida-
tion of extracellular AA can favour its uptake by melanoma
cells, and that this process is suppressed by iron chelation.?®
Protection offered by DFO and bipyridyl against AA effects
may also depend on this phenomenon.

In conclusion, our study provides evidence that overex-
pression of GGT in melanoma cells is associated with in-
creased resistance to oxidative stress depending on the
induction of protective mechanisms against reactive oxygen
species. Such a resistance to oxidative stress can explain
the decreased susceptibility of GGT-expressing cells to effects
of ascorbic acid. The marked resistance of GGT-overexpress-
ing cells to oxidative stress can thus have important pharma-
cological implications because production of oxidative stress
is a relevant event in the apoptotic response to several cyto-
toxic agents. Fig. 14 depicts our proposed mechanism of cellu-
lar stress induced by H,0, or AA, and the possible defence
mechanisms involved. Altogether, the results of the present
study further support the implication of GGT as a factor in
drug resistance of tumour cells.
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