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Abstract

A variety of metal-binding compounds have been found to exert anti-cancer activity. We
postulated that N-acetylcysteine (NAC), which is a membrane-permeable metal-binding
compound, might have anti-cancer activity in the presence of metals. We found that NAC/Cu(ll)
significantly alters growth and induces apoptosis in human cancer lines, yet NAC/Zn(Il) and
NAC/Fe(l11) do not. We further confirmed that this cytotoxicity of NAC/Cu(ll) is attributed to
reactive oxygen species (ROS). These findings indicate that the combination of Cu(ll) and thiols
generates cytotoxic ROS that induce apoptosis in cancer cells. They also indicate a fourth class of
anti-neoplastic metal-binding compounds, the “ROS generator”.
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1. Introduction

Some metal-binding compounds exhibit anti-cancer activity, due to three distinct
mechanisms of action [1-3]. The most well-recognized is “chelation” (also called
“sequestration”), whereby cells are killed because they are functionally deprived of a
required metal [3,4]. The effects of a chelator are reversed by supplying the sequestered
metal. Other metal-binding compounds kill cancer cells by transporting metals into cells,
triggering apoptotic pathways [5-8]. Some act as “ionophores” and others as “shuttles”. An
ionophore is a compound capable of sequentially transporting multiple metal ions into cells.
A compound killing cells by acting as an ionophore can be recognized functionally by
showing that the toxicity of a fixed concentration of the ionophore is potentiated by the
addition of increasing concentrations of the effector metal. For example, the cytotoxicity of
a zinc ionophore (clioquinol), is potentiated by increasing the concentration of zinc, while
the toxicity of a zinc chelator (TPEN) is reduced by additional zinc [4]. Shuttles compose a
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third group of cytotoxic metal-binding compounds. By binding the metal, they facilitate the
transport of the metal into the cell. Shuttles differ from ionophores in that their cytotoxic
activity is not potentiated by adding excess metal [9,10]. For reasons yet to be fully
elucidated, cancer cells are more susceptible to a number of metal-binding compounds than
are non-malignant cells.

We postulated that an additional number of known metal- binding compounds might have
unrecognized anti-cancer activity, by serving as chelators, ionophores, or shuttles. Active
compounds would be expected to have both a metal-binding domain as well as domains
capable of mediating passage across the plasma membrane. Identification of compounds
with these properties and a record of safe human administration would provide new potential
anti-cancer agents.

One well known metal-binding domain is the thiol (-SH) group, which is found in many
small molecules, as well as proteins. We thus considered whether thiol-containing
compounds that have been approved for clinical use have unrecognized anti-cancer
properties, and began by examining N-acetylcysteine (NAC). NAC has been used for many
years as an antioxidant in biomedical research as well as in clinical practice [11,12].
Glutathione is the major antioxidant of the cytoplasm and its synthesis can be limited in vivo
by the availability of cysteine [13-15]. NAC is de-acetylated to cysteine on the cell surface
or inside of the cell [16], thereby promoting glutathione formation when intracellular
cysteine is limiting and enhancing the antioxidant activity of the cytoplasm. It is known that
under certain circumstances, anti-oxidants may also serve as pro-oxidants, and it is not
surprising that NAC has also been reported to promote DNA damage, suggestively via an
increase in reactive oxygen species [17-19].

Given its chemical and biological profile, we hypothesized that NAC serves as either a metal
ionophore or shuttle. We assayed its effect on cell viability in the presence or absence of
metals. Unexpectedly, we found that NAC is cytotoxic only when administered with copper,
and exerts its effects by a previously unreported mechanism.

2. Materials and methods

2.1. Materials

The (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) reagent was purchased from Promega (Madison, WI). The FluoZin-3
probe was obtained from Invitrogen (Carlsbad, CA). Antibodies were obtained from the
following sources: Poly (ADP-ribose) polymerase (PARP) from BIOMOL Research
Laboratories, Inc. (Plymouth Meeting, PA); caspase 3 from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA), and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from Promab
Biotechnologies, Inc. (Richmond, CA). All other reagents were analytic grade and
purchased from Sigma—Aldrich (St. Louis, MO).

2.2. Cell culture and cell viability assay

A2780 cells were provided by Dr. Stephen Howell (University of California, San Diego).
MCF-10A, MCF-7, MDAMB-231, T47D, and Panc-1 cells were purchased from American
Type Culture Collection (ATCC, Manassas, VA). Cells were routinely cultured in ATCC
defined medium including RPMI 1640 for MCF-7, T47D, Panc-1, DMEM for MDA-
MB231, and DMEM F12 for MCF-10A. Both mediums contain c-cystine (420 uM) but not
L-cysteine. All the media were supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, and 100 ug/ml streptomycin. Cells were grown in a humidified environment of
5% CO» at 37 °C, and propagated once or twice a week. Depending on cell proliferation rate
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of the cell line, 3000 to 10,000 cells per well were seeded in a 96-well tissue culture plate
with 100 pl appropriate medium and achieved 30-40% confluence within 24 h. After 24 h,
the medium was replaced with 100 pl of fresh medium and the cells treated for 72 h. All
compounds were dissolved in phosphate buffered saline without calcium and magnesium
(PBS, pH 7.4) at room temperature and added sequentially to the medium at 1:100 ratio
(PBS:medium). NAC and other thiol compounds were always added prior to addition of
various metals. Cell viability was assessed by the MTS assay as described previously [6].
Briefly, 20 pl of MTS solution was added to each well and cells were incubated at 37 °C for
1 h. The optical density was recorded at 490 nm and data presented as a percentage of that
found in untreated cells cultured simultaneously.

2.3. Western blot analysis

Western blot was performed as previously described [6,20]. Briefly, cell lysate was prepared
with the lysis buffer, sonicated on ice, and centrifuged at 15,0009 for 15 min to remove
insoluble material. Thirty microgram of cell lysate from each sample was resolved in 10%
SDS PAGE gel, transferred to PVDF membrane, and blotted with antibodies against human
caspase 3, PARP, and GAPDH.

2.4. Hydrogen peroxide generation

Hydrogen peroxide concentrations were measured using a colorimetric assay according to
the manufacturer’s protocol (BioVision, Mountain View, CA). Briefly, the compounds
tested were first mixed in test tubes in PBS buffer (pH 7.4) at room temperature and 30 pl of
the reaction mixtures were immediately added into each well of a 96-well plate, along with
20 pl of assay buffer. Standards were generated by adding reagent H,O in place of the
reaction mixture at concentrations of 0-5 nmol/well. Fifty microliter of a reaction mixture,
containing OxiRed™ Probe and horseradish peroxidase were then added and incubated for
10 min at room temperature after which time the optical density of the solution at 570 nm
was measured.

2.5. Intracellular metals and ROS detection

Intracellular zinc and copper level was monitored with fluorescent tracers, as we have
previously described ([7], the FluoZin-3® and Phen Green FL probes, excitation 490/20 nm
and emission 528/38 nm, Invitrogen, Carlsbad, CA). Cells were treated with ZnCl, or CuCl,
alone or in combination with NAC for 1 h at indicated concentrations. The medium was
replaced with fresh medium containing 1 uM FluoZin-3, or 5 uM Phen Green FL. After
incubating for 30 min, the medium was removed and the cells were washed three times with
HBSS (Hanks balanced salt solution) and viewed on the Leica TCS NT Confocal
Microscope using 63x Plan APO 1.2 NA. Copper and zinc were detected as a green color.
Due to the nature of the probes, when the FluoZin-3 is used, enhanced fluorescence
indicates an increase in intracellular zinc level, yet when the Phen Green FL is used,
enhanced fluorescence indicates a decrease in intracellular copper level.

Intracellular ROS was detected with a carboxy-H,DCFDA indicator, following the
manufacture’s protocol (Invitrogen, Carlsbad, CA). Briefly, A2780 cells in RPMI with
supplements were plated at 2.5 x 10° cells per well in a 6-well plate. On the next day, cells
were washed once with warm HBSS (Hanks balanced salt solution) and 25 uM of carboxy-
H,DCFDA (final concentration) was loaded to cells in 1 ml of HBSS buffer. The cells were
then treated with 20 uM CuCl, or 2 MM NAC alone or in combination for 30 min,
thoroughly washed with HBSS for three times, and immediately viewed under the Leica
TCS NT Confocal Microscope using 63x Plan APO 1.2 NA (excitation/emission at 495/529
nm).

Cancer Lett. Author manuscript; available in PMC 2014 January 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zheng et al. Page 4

3. Results

3.1. NAC and copper inhibit the viability and induce apoptosis of human cancer cell lines

To evaluate NAC as a potential metal ionophore/shuttle, we treated A2780 human ovarian
cancer cells with 1 mM NAC and various concentrations of Cu(ll), Zn(I1) or Fe(lll), for 72 h
after which time cell viability was determined using an MTS assay. As shown in Fig. 1A,
NAC itself had no effect on cell viability but was toxic in the presence of Cu(ll) in a
concentration-dependent manner (1 uM caused 85 + 10% inhibition, 10 uM 92 + 3%
inhibition and 30 UM 96 + 4% inhibition). No cytotoxic effects of NAC were seen when
Zn(11) or Fe(111) was substituted for Cu(ll) (Figs. 1B and 1C). Cells treated with increasing
concentrations of NAC (0, 10, 20, 40, 60 and 100 uM) in the absence or presence of copper
showed a dose-dependent decrease in cell viability (Fig. 1D). The combination of NAC
Cu(ll) also induced apoptosis of A2780 cells as evidenced by caspase 3 activation and
PARP cleavage (Fig. 2). To exclude the possibility that NAC selectively affects the A2780
cell line, three additional human cancer cell lines were treated with 1 mM NAC and 10 uM
CuCl,. This fixed dose combination decreased the viability of a pancreatic cancer cell line
(Panc-1) by 84 + 2%, and two breast cancer lines MDA-MB-231 by 62 + 4, and T47D 64 +
6% (Fig. 3), paralleling the results obtained with the A2780 ovarian cancer line.

3.2. NAC does not act as a metal ionophore

To date, the compounds identified as copper ionophores [6,8,21,22] have also been shown to
be zinc ionophores. We therefore used a previously employed microscopic technique that
assesses intracellular zinc concentrations to determine whether NAC was acting as an
ionophore. A2780 cells were treated with NAC and zinc for 0.5-1 h, and intracellular zinc
levels were then determined using a fluorescent zinc indicator, FluoZn-3 [2,7]. NAC did not
increase the free intracellular zinc concentration, unlike the known zinc ionophore,
clioquinol (Fig. 4A). We further tested whether NAC could act as a copper ionophore using
a newly available fluorescent probe, Phen Green FL. While treatment with ammonium
tetrathiomolybdate (TM, 20 uM), a well-established copper chelator [3], enhanced cellular
fluorescence (indicating a reduction of intracellular free copper level), CuCl, (20 pM)
significantly quenched the fluorescence (suggesting an increase in intracellular free copper
level). 2 mM NAC did not alter the cellular fluorescence level, nor did it further quench the
fluorescence when combined with CuCl, (Fig. 4B), indicating that NAC is not a copper
ionophore nor is it a copper chelator [2]. Given that NAC did not appear to be a universal
divalent metal transporter, we considered other means whereby NAC/Cu(ll) could be
cytotoxic to cells.

3.3. Hydrogen peroxide is generated by NAC/Cu(ll)

Since NAC caused cell killing in the presence of copper (a redox-active metal) but not zinc
(a redox-inactive metal) we hypothesized that the combination of NAC and Cu(ll) could
induce an oxidative stress upon the cells. We therefore treated A2780 cells with NAC/Cu(Il)
in the presence of exogenous superoxide dismutase-1 (SOD1) and catalase, enzymes known
to alter biological responses to reactive oxygen species. We found that catalase inhibited
cytotoxicity (Fig. 5A), while SOD1 enhanced it (Fig. 5B). We postulated that these findings
could be explained by the generation of superoxide by NAC/Cu(ll) and its subsequent
conversion to H,O,. We therefore combined NAC and CuCl, and assayed for the production
of H,O,. As shown in Table 1, H,O, was generated in a dose-dependent manner when
CuCl, was added to a fixed concentration of NAC. NAC generated H,O in the presence of
Cu(ll), but not Zn(11) or Fe(l1).

To determine if other thiols could generate oxidants in the presence of Cu(ll), we substituted
L-cysteine or GSH for NAC at comparable concentrations. As shown in Fig. 4C, reduced
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thiols were toxic in the presence of Cu(ll). Each also generated H,O, when added directly to
Cu(ll) (Table 1). Substitution of the oxidized forms of these thiols did not lead to the
generation of H,O, (data not shown).

To understand whether intracellular ROS level is also increased by the treatment with NAC
and Cu(Il), we used a fluorescent ROS indicator to visualize ROS in living cells. While
treatment of A2780 cells with 2 mM NAC or 20 uM Cu(ll) alone for 30 min did not enhance
intracellular ROS level, the combination led to a dramatic increase in intracellular ROS
contents (Fig. 6), suggesting that the generation of H,O, by NAC and Cu(ll) leads to an
enhanced cellular oxidative stress in these cells.

3.4. Modulation of the cytotoxic effects of the NAC/copper combination

The effects of two well-established copper chelators, tetrathiomolyb-date (TM) [3] and
bathocuproinedisulfonic acid (BCS) [23] were then examined. High concentrations (30-300
uM) of TM alone were toxic to cancer cells (Table 2) as shown by a significant reduction of
cell viability, consistent with a previous report [24]. Despite the intrinsic toxicity of TM, it
was able to ameliorate the toxicity of NAC/Cu(ll). BCS itself had no toxic effects on the
cells (presumably because it did not enter the cytosol), but also attenuated the cytotoxic
effects of NAC/Cu(ll). These data indicate the potential for modulation of NAC/Cu(ll)
toxicity by copperbinding compounds. Measurement of H,O, generation in vitro confirmed
the ability of these copper-binding compounds to decrease H,O, generation (Table 2).

3.5. Neoplastic cells are more sensitive to NAC/Cu(ll)

Cancer cells are more vulnerable to oxidative stress than normal cells [25]. We therefore
examined the effect of NAC/Cu(ll) on MCF-10A, an immortalized (non-neoplastic) breast
epithelial cell line [26], and MCF-7, a well-established neoplastic breast epithelial cancer
line. As shown in Fig. 7, the viability of MCF-10A cells was not altered by NAC/Cu(ll). In
contrast, NAC/Cu(ll) showed a concentration-dependent toxicity towards the MCF-7 cancer
cell line. This toxicity was blocked by catalase.

4. Discussion

A number of studies have reported that cancer cells are sensitive to metal-binding
compounds, which operate by several different mechanisms. Although “sequestrants” are
the best recognized, others act as “ionophores” or “shuttles” (2). We postulated that other
metal-binding compounds would have unrecognized anti-neoplastic properties, and might be
identified by selecting those with properties of the recognized metal shuttles and ionophores.
Specifically, we considered compounds that could both bind metals and cross cell
membranes, preferably with a track record of safe human administration. We identified
NAC as a compound with the required properties and therefore explored its anti-cancer
activity in the presence of three metals. We found that NAC, in the presence of Cu(ll), but
not Zn(11) or Fe(ll1), was able to alter cellular viability of several human cancer lines. The
millimolar concentrations of NAC used in this study are based on previous reports in which
1-10 mM NAC were applied to reduce cytotoxicity of pro-oxidants in cultured cells [27,28].

Because Cu(ll) is redox active, we postulated that the activity of the NAC/Cu(ll)
combination was due to the generation of reactive oxygen species (ROS). Evidence for this
mechanism was obtained by finding that the extracellular addition of enzymes (SOD and
catalase) known to alter ROS modified the cytotoxicity of NAC/Cu(ll). SOD (which
catalyzes H,O, generation from superoxide) increased cytotoxicity, while catalase (which
hydrolyzes H,0,) decreased cytotoxicity, implicating H,O» as a key effector molecule. This
assumption was strengthened by finding that H,O, was generated by NAC/Cu(ll), but not
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by NAC/Zn(Il) or NAC/Fe(lll). The protection afforded by catalase suggested that the
oxidative stress was being initiated in the extra-cellular space, and implied that other thiols
might be substituted for NAC, without a loss of efficacy. Experiments using .-cysteine and
GSH confirmed this assumption.

We also demonstrated that the immortalized, non-neoplastic, breast-derived epithelial line
MCF-10A was not sensitive to NAC/Cu(ll), unlike the neoplastic line, MCF-7. These results
are in accord with previous studies which have collectively suggested that neoplastic cells
are more vulnerable to oxidative stress than normal cells [25]. Oxidative stress is often cited
as accounting for the anti-cancer properties of radiation, as well as a number of drugs. It is
commonly believed that the oxidative stress is imposed in the intracellular space. We found
that H,O, generated by NAC and Cu(ll) in the extracellular space triggers a dramatic
increase in intracellular ROS level, thus leading to reduced cell viability and apoptotic cell
death. A similar mechanism has recently been proposed to account for neoplastic cell killing
by ascorbate, which is not thought to operate via metal-binding [29,30]. It is instructive to
note that both NAC and ascorbate exhibit anti-tumorigenic behaviors by serving as anti-
oxidants [31], but also have growth inhibitory effects when they act as pro-oxidants.

Our finding that SOD1 potentiates NAC/Cu(ll) toxicity is important, because a functionally
similar protein (extracellular SOD, SOD3) is found in the plasma. Although circulating
SOD3 concentrations are relatively low (about 1 U/ml), much of this enzyme is sequestered
on the endothelial surface and can be mobilized by injecting heparin, resulting in plasma
levels that are 25-fold increased [32]. Thus, the plasma level of NAC required to effect
cancer cell killing may not be as high as that required in typical cell culture experiments.
Similar considerations may apply to ascor-bate-mediated cytotoxicity. Moreover, high-dose
NAC has been administrated to humans [33] and animals [34], which indicate that
millimolar plasma concentrations can be achieved without undue toxicity.

Finally, these experiments provide evidence for a fourth mechanism whereby metal-binding
compounds kill cancer cells. By serving as “ROS-generants”, compounds such as the thiols
identified here may prove to have clinical efficacy. Of note is the fact that serum copper
levels are elevated in animals and humans with a variety of types of cancer [35-37],
probably due to the elevation of plasma ceruloplasmin. The plasma copper level may thus
prove to be a determinant of thiol effectiveness in vivo. It may also play a role in the in vivo
effectiveness of ascorbate, which is known to oxidatively inactivate proteins in the presence
of copper [38]. Because free copper is required for NAC to generate H,0,, the availability
of free copper in vivo could play a critical role in NAC’s cytotoxicity. This needs to be
directly investigated using in vivo tumor model systems.

The findings reported here support the evolving view that the imposition of oxidative stress
upon cancer cells may have therapeutic and/or preventative potential [39]. While the
explanations for the apparent resistance of normal tissues to oxidant stress remains
incomplete, these findings provide an impetus for both identifying and targeting compounds
capable of generating oxidants in a physiological milieu as well as the further study of
metal-binding compounds.
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Abbreviations

BCS bathocuproinedisulfonic acid

NAC N-acetylcysteine

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium)

PARP poly (ADP-ribose) polymerase

ROS reactive oxygen species

SOD superoxide dismutase

™ tetrathiomolybdate

TPEN (N,N,N’N’-tetrakis(-)[2—pyridylmethyl]-ethylenediamine
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Fig. 1.

NAC specifically complexes with copper (Cu), but not zinc (Zn) or iron (Fe), to inhibit cell
viability of the A2780 cells. A2780 cells were cultured in RPMI 1640 medium and treated
with 0, 1, 10, and 30 uM of CuCl, (A), ZnCl, (B), or FeCls (C) in the absence or presence
of NAC (1 mM) for 72 h and cell viability was examined by the MTS assay. (D) A2780
cells were treated with increasing concentrations of NAC ranging from 0 to 100 pM in the
presence of CuCl, (1 or 10 uM) for 72 h and cell viability was examined by the MTS assay.
Data (means £ SD, n = 3) are expressed as percentages of the MTS level detected in
untreated control cells.
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Fig. 2.

Induction of apoptosis by NAC plus copper. A2780 cells were treated with NAC (1 mM)
and CuCl; (30 uM) alone, or in combination, for 72 h. Cell lysates were prepared and
subjected to Western blot using antibodies against human pro-caspase 3, PARP, and
GAPDH. Shown are representatives of two experiments.
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Fig. 3.

Inhibitory effects of NAC plus copper on cell viability in MDA-MB-231, T47D, and Panc-1
cells. Cells were treated with NAC (1 mM) and CuCl, (10 uM) alone, or in combination, for
72 h and cell viability was analyzed with the MTS assay. Data (mean = SD, n = 3) are
expressed as percentages of the MTS level detected in untreated control cells.
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Control CuCl, (20 pM) NAC (2 mM) NAC+CuCl, M (20 pM)
Fig. 4.

NAC is not a metal ionophore. A2780 cells were treated with 50 pM ZnCl, or CuCl, alone
or in combination with 2 mM NAC for indicated times. Intracellular free zinc or copper
level were assayed with the FluoZin-3® (A) and Phen Green FL (B) as described in Section
2. The cells were viewed on the Leica TCS NT Confocal Microscope using 63x Plan APO
1.2 NA (excitation 490/20 nm and emission 528/38 nm). Images are representatives of two
experiments.
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Catalase attenuates and SOD1 enhances the cytotoxic effects of NAC plus CuCl2. A2780
cells were treated with 1 mM NAC plus increasing concentrations of CuCls in the absence

and presence of 1 unit of catalase (A) or 1-2 units of SOD1 (B). 500 pM GSH and .-

Cysteine (both are reduced form) were also used to treat A2780 cells in the presence of 10
UMCUCI2 (C). After 72 h, cell viability was determined with the MTS assay. Data (means +
SD, n = 3) are expressed as percentages of the viability of untreated control cells.
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CuCl, (20 pM) _ n _ +
NAC (2 mM) — - + +
Fig. 6.

NAC plus copper enhances intracellular ROS level. A2780 cells were loaded with a
carboxy-H,DCFDA indicator (final concentration: 25 pM) and treated with 20 uM CuCl, or
2 mM NAC alone or in combination for 30 min. Images were captured under the Leica TCS
NT Confocal Microscope using 63x Plan APO 1.2 NA (excitation/emission at 495/529 nm).
Shown are representative images from two experiments.
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The neoplastic breast cancer line MCF-7 is more sensitive to NAC/Cu(ll) than the
immortalized breast line MCF-10A. MCF-10A (A) and MCF-7 (B) cells were treated with 1
mM NAC and increasing concentrations of CuCl,, ranging from 1 uM to 30 uM, in the
presence or absence of catalase. Cell viability was determined by the MTS assay. Data
(means + SD, n = 3) are expressed as percentages of the level detected in untreated control

cells.
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Copper binding compounds attenuate the cytotoxicity of NAC/Cu(ll). A2780 cells were treated with

Table 2

Page 18

increasing concentrations of tetrathiomolybdate (TM) or bathocuproinedisulfonic acid (BCS) in the presence

or absence of 1 mM NAC and 10 uM CuCl, (dissolved in PBS buffer, added sequentially) for 72 h. Cell

viability was determined by the MTS assay. Data (means + S.D, n = 3) are expressed as percentages of the
viability of untreated control cells.

Chelators (uM)

Cell viability, % of untreated control

Chelator alone  +NAC (1 mM)/CuCl, (10 pM)

™

BCS

10
30
100
300

10
30
100
300

100
90+11
789
80+3
63+2
457
35+2
84 £15
85+21
91+15
102 £ 20
110+5
117+4

21
21
31
412
52+5
57+8
402
21
31
51
9+1
101+2
111+ 15

Cancer Lett. Author manuscript; available in PMC 2014 January 06.



