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Zinc Induces Apoptosis of Human Melanoma Cells, Increasing
Reactive Oxygen Species, p53 and FAS Ligand
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Abstract. The aim of this study was to examine the in vitro
effect of zinc on the apoptosis of human melanoma cells, by
studying the zinc-dependent modulation of intracellular
levels of reactive oxygen species (ROS) and of p53 and FAS
ligand proteins. We showed that zinc concentrations ranging
from 33.7 uM to 75 uM Zn®* induced apoptosis in the
human melanoma cell line WM 266-4. This apoptosis was
associated with an increased production of intracellular
ROS, and of p53 and FAS ligand protein. Treatment of tumor
cells with the antioxidant N-acetylcysteine was able to
prevent Zn®*-induced apoptosis, as well as the increase of
p53 and FAS ligand protein induced by zinc. Zinc induces
apoptosis in melanoma cells by increasing ROS and this
effect may be mediated by the ROS-dependent induction of
p53 and FAS/FAS ligand.

Melanoma is the most aggressive form of skin cancer. The
poor prognosis in patients with advanced disease largely
results from resistance to conventional chemotherapy,
namely cytotoxic drugs. The basis for drug resistance in
melanoma is, at least partly, related to a dysregulation of
apoptosis, although other mechanisms, including drug
transport, de-toxification, and enhanced DNA repair, may
also play a role.

Evidence suggest an intriguing link between zinc and
cancer. Whereas some anticancer actions of zinc might be
related to a modulation of immune system effectiveness or
to the zinc-dependent regulation of the production of other
anticancer substances (1, 2), some evidence supports the
possible modulation of apoptosis by zinc. In fact, zinc has
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been shown to induce apoptosis in glioma (3), bladder (4),
prostate (5), as well as breast (6) cancer cells. A zinc-
dependent modulation of reactive oxygen species (ROS),
which have been implicated as modulators of apoptosis (7,
8), has been reported in both non-tumoral (9-11) and tumoral
(6) models, suggesting the influence of zinc on apoptosis
through the modulation of the intracellular redox state.
Prevention of the zinc-induced increase of intracellular ROS
by N-acetylcysteine (NAC) in mammary carcinoma cells
further emphasizes this possibility (6). Furthermore, zinc has
been shown to modulate the tumor suppressor p53, acting
either at the level of mRNA (6) or protein (6) expression, or
on its functional conformation (12, 13). Finally, zinc has
been shown to influence the FAS/FAS ligand (FASL)
apoptotic pathway, enhancing FAS-mediated apoptosis of
Jurkat cells (14) and increasing FAS/FASL mRNA and
protein in mammary cancer cells (6).

In the present study, we examined the effect of zinc on the
apoptosis of human melanoma cells, studying the zinc-
dependent modulation of intracellular ROS, and p53 and
FASL protein.

Materials and Methods

Tumor cells and cell culture conditions. The human melanoma WM
266-4 tumor cell line (American Type Culture Collection, Rockville,
USA) was maintained in vitro using sterile, disposable flasks (Nunc,
Roskilde, Denmark) at 37°C in a humidified atmosphere with 5%
CO,, in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum (FCS), 100 U/ml penicillin, 100 pg/ml
streptomycin (referred to as complete medium, CM; all from Gibco,
Life Technologies, Milan, Italy). Established monolayers of sub-
confluent and exponentially-growing tumor cells were incubated
overnight at 37°C in 5% CO, with ZnSO, (Carlo Erba, Milan, Italy)
at concentrations of 37.5 uM or 75 uM Zn?* in serum-free AIMV
medium (Gibco) in 25 cm? sterile flasks or in Thermanox Coverslips
(13 mm; Nunc) inserted into 24-well plates (Nunc). Controls were
incubated in serum-free AIMV medium alone. AIMV is a serum-
free culture medium containing a small amount of Zn2* (0.8 uM
Zn2+), as we determined by atomic absorption spectrophotometry
according to the method of Fernandez and Kahn (15). Control
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cultures were maintained in either AIMV medium alone or in the
appropriate CM. Untreated and Zn2*-treated tumor cells were fixed
in 4% formalin and examined under light microscopy for their
morphology. N-Acetylcysteine (NAC; Sigma, St. Louis, MO, USA),
was added at a concentration of 10 mM to the media of cultured
cells 4 h prior administration of ZnZ*. Viability of tumor cells was
determined by Trypan Blue exclusion.

Quantification of apoptosis by flow cytometry. Apoptosis was
measured using flow cytometric detection of changes in cell
morphology and by annexin V binding to the cell membrane.
Freshly harvested cells were washed in phosphate buffered saline
(PBS), resuspended in isotonic solution, and analyzed for their light-
scatter properties by flow cytometry. Apoptotic cells were
recognized from decreased forward scatter and increased side scatter
using a Coulter XL flow cytometer (Coulter, Hialeah, FL, USA).
For annexin V binding to the cell membrane, cells were washed
twice in PBS after treatment and stained with a fluorescein
isothiocyanate (FITC)-labeled recombinant annexin V (Alexis Co.,
Laufelfingen, Switzerland). The non-vital dye propidium iodide
(Sigma) was added immediately before flow cytometric analysis.
Simultaneous staining of tumor cells with annexin V (green
fluorescence) and with propidium iodide (red fluorescence) allowed
the discrimination of intact cells (FITC-PI-), early apoptotic
(FITC*PI-), and late apoptotic or necrotic cells (FITC+PI*).
Fluorescence was determined using an XL flow cytometer (Coulter,
Hialeah, FL, USA).

Flow cytometric analysis of rates of intracellular oxidation.
Hydroethidine (HE) was obtained from Molecular Probes (Eugene,
OR, USA), and stock solutions were prepared and stored at —20°C.
As previously reported (16), cells were incubated with HE (160 uM)
after zinc treatment and samples were analyzed using an XL flow
cytometer. Dead cells and debris were excluded from the analysis
by electronic gating of forward and side scatter measurements.

Flow cytometric measurement of p53 and FASL proteins. To
evaluate the p53 protein expression through flow cytometry, control
and zinc-treated tumor cells were washed with a solution of PBS,
5% FCS, and 0.04% NaN; and fixed with 2% formalin. Fixed cells
were resuspended in 1 ml of 0.2% Tween 20 (Sigma) in PBS at
room temperature and incubated for 15 min at 37°C. Cells were
washed again with PBS with 5% FCS, and 0.04% NaN3 and
incubated with a monoclonal antibody to p53 (Ab-1; Oncogene
Science, Cambridge, MA, USA) for 30 min at 4°C. After washing,
cells were incubated with an FITC-conjugated anti-mouse 1gG,,
(Pharmingen, San Diego, CA, USA) for 30 min at 4°C. The cell
pellet was washed with PBS with 0.1% NaNj3 and resuspended in
ISOTON® II diluent (Beckman Coulter, Brea, California, United
States). Mouse 1gG,, (Pharmingen, San Diego, CA) was used as
isotype control. To evaluate FasL, cells were incubated with a FITC-
labeled rat monoclonal antibody to CD95 Ligand (CD95L) which
recognizes both mouse and human FASL (Alexis Corporation,
Nottingham, UK) for 30 min at 4°C. The cell pellet was washed
with PBS with 0.1% NaN3 and resuspended in Isoton II. Rat [gG2a
(Pharmingen) was used as isotype control. Cell fluorescence was
analyzed via an XL flow cytometer.

Statistical analysis. Statistical significance of differences was
determined by Student’s t-test. Difference between means were
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Figure 1. Effect of Zn?+ on the morphology of human melanoma cells.
WM 266-4 melanoma cells were incubated overnight in medium alone
or in medium supplemented with 37.5 uM Zn?+. A: WM 266-4 cells
incubated overnight in medium alone form a confluent adherent
monolayer with sparse cytoplasm and heterogeneous nuclear chromatin;
B: WM 266-4 cells treated with 37.5 uM Zn?* are detached and exhibit
the characteristic signs of apoptosis, the cytoplasm is shrunken and the
chromatin is pyknotic.

considered significant at p<0.05. Data analysis was performed with
SigmaStat software version 1.03 (Jandel Scientific, Germany).

Results

Effect of Zn?* on the apoptosis of WM 266-4 melanoma
cells. Melanoma cells were cultured overnight in the
presence of different Zn>* concentrations and analyzed for
the number of apoptotic cells. WM 266-4 cells were grown
in a serum-free medium (AIMV medium) to avoid the
presence of zinc, which is present in high amounts in FCS.
Neither the number nor the viability of tumor cells were
significantly different after incubation overnight, or for five
days in AIMV medium in comparison with FCS-
supplemented cultures.

Figure 1 shows the morphology of WM 266-4 cells after
incubation in medium alone and in medium supplemented
with 37.5 uM Zn?*. As shown, untreated melanoma cells
appeared as a confluent adherent monolayer, had a sparse
cytoplasm and heterogeneous nuclear chromatin (Figure 1A).
Overnight incubation with 37.5 uM Zn>* caused the
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Figure 2. Typical forward and side scatter dot plots for WM 266-4 cells incubated overnight in complete medium (A), AIMV medium (B), or in
AIMV medium supplemented with 37.5 uM Zn?*+ (C) or 75 uM Zn2* (D) (top). Events in region RI represent viable cells, whereas those in region
R2 represent apoptotic cells. C and D: Zn?*-treated WM 266-4 cells exhibit decreased forward-scatter and increased side-scatter characteristic of
apoptotic cells. Percentages of cells in each region were calculated considering the number of cells of the regions R1+R2 as 100% of the cells
counted. Data are representative of one of three separate experiments. The histogram (bottom) reports the mean+S.D. of the results obtained in
three separate experiments. *p <0.05 versus AIMV.
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Figure 3. Effect of Zn?+ on the apoptosis of WM 266-4 cells. Untreated (A, complete medium; B, AIMV medium) and 37.5 uM (C) or 75 uM (D)
Zn?+-treated WM 266-4 tumor cells, were stained with a fluorescein isothiocyanate (FITC)-labeled recombinant annexin V and propidium iodide (PI)
and analyzed for the presence of early apoptotic (FITC+PI-) and late apoptotic or necrotic cells (FITC+PI+) through flow cytometer. An increased
number of early apoptotic cells was present after overnight incubation with 37.5 uM (C) or 75 uM (D) Zn2*. Cells treated with 75 uM Zn?+ also
exhibited an increase of late apoptotic or necrotic cells. Results are representative of one of three experiments.

appearance of the classical morphological changes of
apoptosis (Figure 1B). Apoptotic and viable melanoma cells
were then identified on the basis of their light scattering
properties. Figure 2 demonstrates the typical forward and side
scatter distribution of WM 266-4 cells in vitro treated with
37.5 uM or 75 uM Zn?*. A low number of apoptotic cells
was present in untreated cells cultured in FCS (R2, Figure
2A) or AIMV (R2, Figure 2B), whereas the percentage of
apoptotic cells progressively significantly increased in
melanoma cells treated with 37.5 uM (R2, Figure 2C) or
75 uM (R2, Figure 2D) Zn**.
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To evaluate whether the morphological changes described
induced by the treatment of WM 266-4 cells with Zn2* were
associated with other signs of apoptosis, we analyzed
detached and monolayer cells after simultaneous staining
with FITC-labeled annexin V and propidium iodide,
evaluating the number of early apoptotic and late apoptotic
or necrotic cells by cytofluorimetric analysis. As shown in
Figure 3, the percentage of early apoptotic cells (FITC*PI")
was significantly increased after overnight supplementation
with 37.5 uM or 75 uM Zn** (72.6% and 63.6% respectively
vs. 32.2% or 22.9% found in cells grown in AIMV or CM)
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Figure 4. Evaluation of intracellular reactive oxygen species (ROS) in Zn?*-treated human melanoma cells. WM 266-4 tumor cells were incubated
overnight in AIMV medium alone (A) or in AIMV medium supplemented with 75 uM Zn2+ (B), or 75 uM Zn2* plus 10 mM N-acetylcysteine (NAC)
(C). The percentage of apoptotic cells was evaluated through flow cytometric analysis of forward -and side- scatter dot plots (top); the rate of
intracellular ROS production was determined by monitoring the oxidation of hydroethidine to fluorescent ethidium (bottom; MF=median
fluorescence). B: WM 266-4 cells treated with 75 uM Zn?* exhibit the morphological characteristics of apoptotic cells and had an increased content
of intracellular ROS. C: Pre-treatment for 4 h of WM 266-4 cells with 10 mM NAC completely prevented both apoptosis and the increase of
intracellular ROS induced by 75 uM Zn2*. Treatment with 10 mM NAC did not modify apoptosis or the ROS content of WM 266-4 cells (data not

shown). Data are representative of one of three separate experiments.

(Figure 3). Incubation with 75 uM Zn>* also led to an
increase in the percentage of late apoptotic or necrotic cells
(FITC+PI+) (26% vs. 3.5% or 8.8% found in cells grown in
AIMV or CM) (Figure 3). The supplementation of human
lymphocytes with 37.5 or 75 uM Zn** significantly inhibited
apoptosis found in control lymphocytes.

NAC prevents Zn®*-induced apoptosis of melanoma cells.
To determine whether Zn>*-induced apoptosis of tumor
cells correlated with an increase in ROS, we quantified the
intracellular redox status in Zn>*-treated and untreated WM
266-4 tumor by measuring dihydroethidium
fluorescence as an indicator of endogenous superoxide
levels. As shown in Figure 4, the apoptosis induced by

cells

incubation of melanoma cells with 75 M Zn%t was
associated with a rise in the intracellular content of ROS
(Figure 4B). Similar data were obtained in melanoma cells
treated with 37.5 uM Zn?*. The incubation of tumor cells
with NAC (10 mM) 4 h before Zn%* administration
prevented both Zn?*-induced apoptosis and the increase of
ROS level (Figure 4C).

Zn®* induces expression of p53 protein in human melanoma
cells. We evaluated the effect of Zn>* treatment on the level
of p53 protein in WM 266-4 melanoma cells. As shown in
Figure 5, overnight incubation of WM 266-4 cells in medium
containing 75 uM Zn>* (Figure 5C) increased the low level
of the p53 protein present in untreated cells (Figure 5B).

5313



ANTICANCER RESEARCH 35: 5309-5316 (2015)

FASL p53

W A

60- ]

40 1

20- 1

u#’d”} \“ — e
80 1 i

60 ]

40 ; ]

20 ]

bt 4. Wi

T 10

Proportion of cells (%)
O

‘..-r—"“-"__-

100

80
60
40

20

L

100 1000 0.1

0 T

0.1 1 10 100 1000

Fluorescence intensity

Figure 5. Effect of Zn?* on p53 and FAS Ligand (FASL) proteins human
melanoma cells. WM 266-4 cells were incubated overnight in medium
alone (B), in medium supplemented with Zn?*+ (75 uM) (C), or with
Zn2* (75 uM) plus N-acetylcysteine (10 mM) (D). Cells were then
stained with monoclonal antibody against p53 or FASL and analyzed
by flow cytometry, as reported in Materials and Methods. IgG2a was
used as an isotype control (A).

Zn®* induces FASL protein expression in human melanoma
cells. Next, we examined Zn2+-treated WM 266-4 cells for
the presence of FASL protein. Flow cytometric analysis
showed that the cell surface expression of FASL molecule,
when compared to isotype control-stained cells (Figure 5A),
was only weakly detected in untreated WM 266-4 cells
(Figure 5B), whereas it was significantly induced in cells
treated with 75 uM Zn>* (Figure 5C).
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NAC prevents Zn®*-induced apoptosis and expression of p53
and FASL proteins. To evaluate the effect of NAC on
expression of p53 and FASL induced by Zn** in WM 266-4
melanoma cells, we performed flow cytometric analysis of
Zn?*_treated tumor cells. As shown in Figure 5D, the
incubation of melanoma cells with 10 mM NAC completely
prevented apoptosis and the increase of both p53 and FASL
proteins induced by 75 uM Zn>*.

Discussion

We demonstrated that zinc is able to induce apoptosis of
human melanoma cells, while increasing intracellular ROS
and modulating p53 and FASL protein expression.

A protective role of zinc in cancer has been indicated by
some studies. In vitro, zinc has demonstrated efficacy in
inducing apoptosis in glioma (3), bladder (4), prostate (5),
as well as breast cancer (6) cells. In vivo, zinc treatment
increased resistance against Ehrlich’s ascites tumor challenge
in mice (17) and decreased the incidence of spontaneous
lung tumors arising in A/J mice (18). Furthermore, pre-
treatment with zinc inhibited secondary carcinogenesis by
anticancer agents (18).

Data from the literature have clearly defined that
pharmacological Zn>* concentrations cause an inhibition of
apoptosis of both lymphoid (19) and tumor (20, 21) cells. We
were the first to report that Zn>* concentrations equal or
lower than the physiological plasma Zn** concentration
induce apoptosis of mouse thymocytes, showing that Zn>*
may have opposing effects on apoptosis and that it does not
only act as an inhibitor, but may also play a more complex
role in the regulation of the apoptotic process (22).

In a previous study, we demonstrated that zinc induces
apoptosis of mammary carcinoma cells through modulation
of ROS, p53 and FAS/FASL pathways (6). Herein we
demonstrated that the Zn**-induced apoptosis of human
melanoma cells is similarly associated with an increase of
intracellular ROS, as well as p53 and FASL proteins. This
modulation by Zn>* is abrogated by the anti-oxidant NAC,
preventing the increase of intracellular levels of ROS. Our
data support recently reported evidence indirectly suggesting
a possible positive modulation of apoptosis in cancer cells
by zinc.

The effect of Zn>* is obtained at concentrations not toxic
to normal cells. In fact, in parallel experiments conducted on
human lymphocytes, apoptosis was inhibited rather than
induced by the same zinc concentrations able to kill tumor
cells through apoptosis.

The increase of apoptosis in Zn**-treated melanoma cells
correlated well with the modulation of intracellular levels of
ROS. The potential Zn>*-dependent modulation of ROS has
been suggested by findings obtained in both non-tumoral (5-
7,23) and tumoral (6) models. Herein we demonstrated that
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the apoptosis induced by Zn%* in melanoma cells may be
dependent on induction of intracellular ROS and may involve
p53 and FASL modulation. This is supported by the fact that
p53 can regulate the intracellular redox state inducing
apoptosis by a pathway that is dependent on ROS production
(24). Furthermore, data from the literature have shown that a
strict relationship also exists between FAS-mediated
apoptosis and ROS. ROS may induce FASL mRNA
expression in cancer cells; the effect is blocked by treatment
with antioxidants (25). Furthermore, the activation of FAS
induces ROS and apoptosis (26) and treatment with anti-
oxidants inhibits FAS-mediated apoptosis (27).

The tumor-suppressor gene p53 plays a pivotal role in the
activation of the apoptotic machinery in damaged cells and
in the apoptosis of autologous tumor cells in response to
chemotherapy (28). We previously demonstrated in
mammary carcinoma cells that Zn2* induces transcriptional
activation of p53 gene, with increased expression of p53
mRNA and protein, which correlates with the induction of
apoptosis. Accumulating evidence has been provided that
p53 up-regulates the FAS/FASL-mediated apoptotic
pathway. Adenoviral vectors expressing wild-type p53
increased FASL and FASR expression in colorectal tumors
in nu/nu mice (29) and in lung and breast cancer cell lines
(30). The transient expression of the wild-type p53 gene up-
regulated FASL mRNA, as well as protein expression and
induced rapid apoptosis of lung and colon cancer cells (31).
In another experimental model, cells possessing functional
p53 increased their surface expression of FAS and FASL in
response to DNA damage (32).

In agreement with our previous data (6), we demonstrated
that Zn2* increases p53 and FASL protein in melanoma cells.
One of the most interesting findings of our study is that
apoptosis and the modulation of both p53 and FAS/FASL
induced by zinc are prevented by treating tumor cells with
the anti-oxidant NAC. This clearly demonstrates the central
role of free radicals in zinc-induced apoptosis of cancer cells.
Further studies are warranted to ascertain the potential
usefulness of zinc to correcting the dysregulation of
apoptosis in the therapy of melanoma.

Conflicts of Interest
The Authors declare that they have no conflicts of interest.

Referen ces

1 Provinciali M, Di Stefano G, Bulian D, Tibaldi A and Fabris N:
Effect of melatonin and pineal grafting on thymocyte apoptosis
in aging mice. Mech. Ageing Develop 90: 1-19, 1996.

2 Provinciali M, Di Stefano G and Stronati S: Flow cytometric
analysis of CD3/TCR complex, zinc, and glucocorticoid-
mediated regulation of apoptosis and cell cycle distribution in
thymocytes from old mice. Cytometry 32: 1-8, 1998.

3 WangY, Zhang S and Li SJ: Zn(2+) induces apoptosis in human
highly metastatic SHG-44 glioma cells, through inhibiting
activity of the voltage-gated proton channel Hvl. Biochem
Biophys Res Commun 438: 312-317, 2013.

4 Hong SH, Choi YS, Cho HJ, Lee JY, Hwang TK and Kim SW:
Induction of apoptosis of bladder cancer cells by zinc-citrate
compound. Korean J Urol 53: 800-806, 2012.

5 Hong SH, Choi HJ, Lee JY, Kim JC, Hwang TK and Kim SW:
Antiproliferative effects of zinc-citrate compound on hormone
refractory prostate cancer. Chin J Cancer Res 24: 124-129,
2012.

6 Provinciali M, Donnini A, Argentati K, Di Stasio G, Bartozzi B,
and Bernardini G: Reactive oxygen species modulate Zn2+*-
induced apoptosis in cancer cells. Free Radical Bio Med 32:
431-445,2002.

7 Brodska B and Holoubek A: Generation of Reactive Oxygen
Species during Apoptosis Induced by DNA-Damaging Agents
and/or Histone Deacetylase Inhibitors. Oxidative Medicine and
Cellular Longevity Volume 2011, Article ID 253529, 7 pages
doi:10.1155/2011/253529, 2011.

8 Magdalena L. Circu and Tak Yee Aw: Reactive Oxygen Species,
Cellular Redox Systems and Apoptosis. Free Radic Biol Med.
48: 749-762, 2010.

9 Sharma V, Anderson D and Dhawan A: Zinc oxide nanoparticles
induce oxidative DNA damage and ROS-triggered mitochondria
mediated apoptosis in human liver cells (HepG2). Apoptosis 17:
852-870, 2012.

10 Aizenman E, Stout AK, Hartnett KA, Dineley KE, McLaughlin
B and Reynolds 1J: Induction of neuronal apoptosis by thiol
oxidation: putative role of intracellular zinc release. J
Neurochem 75: 1878-1888, 2000.

11 Noh KM and Koh JY: Induction and activation by zinc of
NADPH oxidase in cultured cortical neurons and astrocytes. J
Neurosci 20: RC111, 2000.

12 ChoY, Gorina S, Jeffrey PD and Pavletich NP: Crystal structure
of a p53 tumor suppressor—DNA complex: understanding
tumorigenic mutations. Science 265: 346-355, 1994.

13 Meplan C, Richard MJ and Hainault P: Metalloregulation of the
tumor suppressor protein p53: zinc mediates the renaturation of
p53 after exposure to metal chelators in vitro and in intact cells.
Oncogene 19: 5227-5236, 2000.

14 Sutherland LC, Anderson CL and Williams GT: Zinc has no
effect on IL-3-mediated apoptosis of BAF-3 cells but enhances
CD95-mediated apoptosis of jurkat cells. J Immunol Methods
234: 43-50, 2000.

15 Fernandez FJ and Khan HJ: Clinical methods for atomic
absorption spectroscopy. Clin Chem Newslett 3: 24-29, 1971.

16 Zielonka J, Vasquez-Vivar J and Kalyanaraman B: Detection of
2-hydroxyethidium in cellular systems: a unique marker product
of superoxide and hydroethidine Nature Protocols 3: 8-21, 2008.

17 Sing KP, Zaidi SIA, Raisuddin S, Saxena AK, Murthy RC, and
Ray PK: Effect of zinc on immune functions and host resistance
against infection and tumor challenge. Immunopharm Immunot
14: 813-840, 1992.

18 Satoh M, Kondo Y, Mita M, Nakagawa I, Naganuma A and
Imura N: Prevention of carcinogenicity of anticancer drugs by
metallothionein induction. Cancer Res 53: 4767-4768, 1993.

19 Bonaventura P, Benedetti G, Albaréde F and Miossec P: Zinc
and its role in immunity and inflammation. Autoimmun Rev /4:
277-85, 2015.

5315



ANTICANCER RESEARCH 35: 5309-5316 (2015)

20 Ganju N and Eastman A: Zinc inhibits Bax and Bak activation
and cytochrome crelease induced by chemical inducers of
apoptosis but not by death-receptor-initiated pathways. Cell
Death Diff 70: 652-661, 2003.

Shimizu T, Kubota M, Tanizawa A, Sano H, Kasai Y, Hashimoto

H, Akiyama Y and Mikawa H: Inhibition of both etoposide-

induced DNA fragmentation and activation of poly(ADP-ribose)

synthesis by zinc ion. Biochem Biophys Res Commun /69:

1172-1177, 1990.

22 Provinciali M, Di Stefano G and Fabris N: Dose-dependent
opposite effect of zinc on apoptosis in mouse thymocytes. Int J
Immunopharm /7: 735-744, 1995.

23 Zhao Y, Faresin R and Salazar G: Zinc Overload Increases ROS
Production and Induces Senescence by a Noxl-dependent
Mechanism in Vascular Smooth Muscle Cells. The FASEB
Journal 2015, in press.

24 Johnson TM, Yu Z-X, Ferrans VJ, Lowenstein RA and Finkel T:
Reactive oxygen species are downstream mediators of p53-
dependent apoptosis. Proc Natl Acad Sci USA 93: 11848-11852,
1996.

25 Hug, H, Strand S, Grambihler A, Galle J, Hack V, Stremmel W,
Krammer PH and Galle PR: Reactive oxygen intermediates are
involved in the induction of CD95 ligand mRNA expression by
cytostatic drugs in hepatome cells. J Biol Chem 272: 28191-
28193, 1997.

26 Medan D, Wang L, Toledo D, Lu B, Stehlik C, Jiang BH, Shi X
and Rojanasakul Y: Regulation of Fas (CD95)-induced apoptotic
and necrotic cell death by reactive oxygen species in
macrophages. J Cell Physiol 203: 78-84, 2005.

2

—_

5316

27 Anand Krishnan V. Iyer, Neelam Azad, Siera Talbot, Christian
Stehlik, Bin Lu, Liying Wang and Yon Rojanasakul: Antioxidant
c-FLIP Inhibits Fas Ligand-Induced NF-kB Activation in a
Phosphatidylinositol ~ 3-Kinase/Akt-Dependent Manner. J
Immunol /87: 3256-3266, 2011.

28 Provinciali M, Di Stefano G, Ciavattini A and Garzetti GG:
Baseline apoptosis of tumor cells as a response predictor to
chemotherapy. J Natl Cancer Inst 89: 889-890, 1997.

29 Waku T, Fujiwara T, Shao J, Itoshima T, Murakami T, Kataoka M,
Gomi S, Roth JA and Tanaka N: Contribution of CD95 ligand-
induced neutrophil infiltration to the bystander effect in p53 gene
therapy for human cancer. J Immunol /65: 5884-5890, 2000.

30 Rakkar AN, Katayose Y, Kim M, Craig C, Ohri E, Li Z, Cowan
KH, and Seth P: A novel adenoviral vector expressing human
FAS/CD95/APO-1 enhances p53-mediated apoptosis. Cell.
Death Differ 6: 326-333, 1999.

31 Maecker HL, Koumenis C and Giaccia AJ: P53 promotes
selection for FAS-mediated apoptotic resistance. Cancer Res 60:
638-4644, 2000.

32 Fukazawa T, Fujiwara T, Morimoto Y, Shao J, Nishizaki M,
Kadowaki Y, Hizuta A, Owen-Schaub LB, Roth JA and Tanaka
N: Differential involvement of the CD95 (FAS/APO-1)
receptor/ligand system on apoptosis induced by the wild-type
pS53 gene transfer in human cancer cells. Oncogene /8: 2189-
2199, 1999.

Received May 12, 2015
Revised June 24, 2015
Accepted June 26, 2015



