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Abstract Treatment of MCF-7 cells with tamoxifen

induced vacuole formation and cell death. Levels of

the autophagy marker, microtubule-associated pro-

tein light chain 3 (LC3)-II also increased, and GFP-

LC3 accumulated in and around vacuoles in MCF-7

cells exposed to tamoxifen, indicating that autophagy

is involved in tamoxifen-induced changes. Live-cell

confocal microscopy with FluoZin-3 staining and

transmission electron microscopy with autometallo-

graphic staining revealed that labile zinc(II) ion

(Zn2?) accumulated in most acidic LC3(?) auto-

phagic vacuoles (AVs). Chelation of Zn2? with

N,N,N0,N0-tetrakis (2-pyridylmethyl) ethylenediamine

(TPEN) blocked the increase in phospho-Erk and

LC3-II levels, and attenuated AV formation and cell

death. Conversely, the addition of ZnCl2 markedly

potentiated tamoxifen-induced extracellular signal-

regulated kinase (Erk) activation, autophagy and cell

death, indicating that Zn2? has an important role in

these events. Tamoxifen-induced death was accom-

panied by increased oxidative stress and lysosomal

membrane permeabilization (LMP) represented as

release of lysosomal cathepsins into cytosol. Treat-

ment with the antioxidant N-acetyl-L-cysteine (NAC)

blunted the increase in Zn2? levels and reduced LC3-

II conversion, cathepsin D release and cell death

induced by tamoxifen. And cathepsin inhibitors

attenuated cell death, indicating that LMP contributes

to tamoxifen-induced cell death. Moreover, TPEN

blocked tamoxifen-induced cathepsin D release and

increase in oxidative stress. The present results

indicate that Zn2? contributes to tamoxifen-induced

autophagic cell death via increase in oxidative stress

and induction of LMP.
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Microtuble-associated protein light chain 3 �
Oxidative stress

Abbreviations

3-MA 3-methyladenine

AMG Autometallography

ATG Autophagy-related gene

AV Autophagic vacuole

ER Estrogen receptor

Erk Extracellular signal-regulated kinase

Lamp-2 Lysosomal-associated membrane protein-2

LC3-II Microtuble-associated protein light chain

3-II

LDH Lactate dehydrogenase

LMP Lysosomal membrane permeabilization

MT Metallothionein

NAC N-acetyl-L-cysteine

ROI Region of interest

ROS Reactive oxygen species

SERM Selective estrogen receptor modulator

TPEN N,N,N’,N0-tetrakis (2-pyridylmethyl)

ethylenediamine

Introduction

Tamoxifen is a nonsteroidal selective estrogen recep-

tor modulator (SERM) commonly used in treatment of

breast cancers as an antagonist (Jensen and Jordan

2003; Vijayanathan et al. 2006). Tamoxifen inhibits

proliferation in estrogen receptor (ER)-positive breast

cancer cells via competition with estradiol to bind to

ER and modulation of gene expression (Watts et al.

1994). Besides ER-dependent transcriptional modula-

tion, tamoxifen induces cell death in ER-negative cells

independent to genomic regulation. It was reported

that tamoxifen-induced cell death was autophagic cell

death (Bursch et al. 1996) and mediated by reactive

oxygen species generation and Erk activation (Bursch

et al. 1996; Kallio et al. 2005; Zheng et al. 2007).

However, the precise mechanism of tamoxifen-

induced autophagic cell death has not been elucidated.

Autophagy (macroautophagy) is a major mecha-

nism of self-degradation in cells. Autophagy starts

with the formation of double-membraned autophago-

somes around misfolded proteins and damaged

organelles. Autophagosomes eventually fuse with

lysosomes to form autolysosomes, which contain

lysosomal acidic hydrolases that degrade the contents

of the autophagosomes (Levine and Kroemer 2008;

Mizushima et al. 2008; Nixon 2006). Autophago-

somes and autolysosomes are also collectively called

autophagic vacuoles (AVs). Although autophagy may

have evolved as a defensive response to starvation in

single-cell organisms, it has other diverse functions in

multi-cellular organisms. For instance, chronic inhi-

bition of autophagy may cause accumulation of toxic

proteins and induce neurodegeneration (Levine and

Kroemer 2008; Mizushima et al. 2008; Nixon 2006).

Deficits in autophagy have also been implicated in

the development of several forms of cancer, including

breast cancer (Liang et al. 1999, 2001). Hence,

understanding the process of autophagy may provide

insights into the pathogenic mechanisms underlying

various human diseases.

Although autophagy is essential for normal cellular

functions, it also has a role in cell death under certain

circumstances. Autophagic cell death or cell death

with autophagy have been implicated in ischemic

brain injury, heart and liver disease, and myopathies

(Matsui et al. 2007; Mizushima et al. 2008; Uchiyama

et al. 2008). While deficits in autophagy may induce

cancer (Liang et al. 1999), several chemotherapeutic

agents act by evoking autophagic cell death. For

example, tamoxifen, causes AV formation and auto-

phagic cell death in breast cancer cells (Bursch et al.

1996). Other examples include histone deacetylase

inhibitors in chondrosarcoma cell lines (Yamamoto

et al. 2008), rapamycin in malignant glioma (Takeuchi

et al. 2005) and resveratrol in colon cancer cells

(Ellington et al. 2005). The mechanism underlying

autophagic cell death remains unclear, but lysosomal

derangements, such as accumulation of lysosomes and

lysosomal membrane permeabilization (LMP), are

thought to be involved. Consistent with this idea, the

accumulation of cathepsin D is reported to be linked to

autophagy induction in osteoblastoma cells treated

with doxorubicin (Zheng et al. 2008). Other mecha-

nisms activated in autophagic cell death include

reactive oxygen species (ROS) generation by NADPH

oxidase (Chen et al. 2008; Scherz-Shouval et al. 2007),

downregulation of the antiapoptotic proteins Bcl-XL

and Bcl-2 (Feng et al. 2007; Pattingre et al. 2005), and

activation of Erk and Jnk MAP kinases (Cheng et al.

2008).

Recently, we reported that oxidative injury induces

LMP in hippocampal neurons (Hwang et al. 2008),
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and further showed that: (1) labile Zn2? accumulates

in lysosomes prior to LMP by oxidative stress; (2)

isolated lysosomes undergo LMP upon treatment

with Zn2?; and (3) chelation of Zn2? markedly

reduces LMP and neuronal cell death. Thus, endog-

enous Zn2? may have a role in LMP-associated cell

death. Since oxidative stress induces not only Zn2?-

mediated LMP but also autophagy, we hypothesized

that labile Zn2? may begin to accumulate in AVs

before they fuse with lysosomes.

To investigate the role of Zn2? in autophagy, we

used the MCF-7 breast cancer cell line, in which

tamoxifen-induced autophagic cell death has been

well characterized. Thus, using tamoxifen-treated

MCF-7 cells as a model system, we examined

whether labile Zn2? accumulates in AVs and, if so,

whether labile Zn2? has a role in early AV formation

and in LMP and cell death.

Materials and methods

Cell culture and drug treatment

MCF-7 and SKBr-3 cells were cultured in RPMI 1640

containing 10% fetal bovine serum (FBS) and penicil-

lin/streptomycin (Invitrogen, Carlsbad, CA, USA).

Cells were treated with tamoxifen (Sigma, St. Louis,

MO, USA) in serum-free RPMI 1640 medium for the

indicated times. Depending on the experimental par-

adigm employed (see text for details), cells were

pretreated for 30 min with ZnCl2, N,N,N0,N0-tetrakis

(2-pyridylmethyl) ethylenediamine (TPEN), 3-meth-

yladenine (3-MA), rapamycin (Sigma), U0126 (Alexis,

Lausen, Switzerland), PD98059 or N-acetyl-L-cysteine

(Calbiochem, Darmstadt, Germany) prior to exposure

to tamoxifen.

Live-cell confocal microscopy

Cells were stained with the fluorescent dyes, FluoZin-

3-AM (5 lM), LysoTracker Red DND-99 (75 nM),

LysoTracker Green DND-26 (75 nM) or MitoTracker

Red CM-H2-XRos (0.5 lM) (Invitrogen), in serum-

free RPMI for 5–30 min in a humidified CO2

incubator, and then transferred to Hank’s balanced

salt solution (HBSS). Live-cell images were acquired

using an Ultra View Confocal Cell Imaging System

(PerkinElmer, Waltham, MA, USA) with an ECLIPSE

TE2000 microscope (Nikon, Tokyo, Japan). All

experiments were repeated at least three times.

Analysis for colocalization was performed using the

Ultra View software.

Fluorescent measurement for intracellular Zn2?

Intracellular Zn2? concentrations were determined

with FluoZin-3-AM (Li and Maret 2009). In brief,

1 9 106 MCF-7 cells were treated with 17 lM

tamoxifen in the presence or absence of 500 nM

TPEN for 1 h, dissociated with 0.25% trypsin and

washed with Dulbecco’s phosphate-buffered saline

(DPBS) without Ca2? and Mg2? (Invitrogen) three

times. The cells were incubated with 0.3 lM Fluo-

Zin-3 AM for 30 min at 378C and washed with DPBS

without Ca2? and Mg2? three times to remove any

residual fluorescent dye. Fluorescence was measured

with Spectramax Gemini XS (Molecular devices,

Sunnyvale, CA, USA) at 258C (excitation: 485 nm

and emission: 538 nm). The same numbers of cells

were incubated with 50 lM TPEN or with 100 lM

pyrithione plus 250 lM ZnSO4 for 10 min to mea-

sure background fluorescence of the dye (Fmin) or

maximum fluorescence (Fmax), respectively. The

concentrations of Zn2? were calculated using the

following equation (Li and Maret 2009):

Zn2þ� �
¼ KD F� Fminð Þ= Fmax � Fð Þ KD ¼ 8:9 nMð Þ:

Transfection of MCF-7 cells with GFP-LC3

or RFP-LC3 and establishment of stable

transformants

A defining feature of autophagosomes is the presence

of the integral membrane protein LC3-II in AVs,

which is derived by proteolytic cleavage of LC3 and

by conjunction with the lipid phosphatidylethanol-

amine. When LC3-II is transfected into cells as a

fluorescent fusion protein, LC3-II acts as an auto-

phagosome marker that is invaluable in live-cell

studies for morphological aspects of autophagy

(Bampton et al. 2005; Kabeya et al. 2000). MCF-7

cells were transfected with pGFP-LC3 or pRFP-LC3

using Lipofectamine 2000 (Invitrogen) according to

the manufacturer’s instructions. After 1 day, the

transfected cells were transferred to the selection
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medium containing 2 mg/ml G418 until GFP-LC3- or

RFP-LC3-expressing cell lines were established.

Quantification of cell death

Cell death was quantitatively assessed by measuring

lactate dehydrogenase (LDH) activity released into

the culture medium from damaged cells, as described

previously (Koh and Choi 1987). Each LDH value

was scaled to the mean value of cells exposed to

50 lM tamoxifen (100%) after subtracting the mean

value of sham-washed control cells (0%).

Western blot analysis

For Western blot analysis, cells were rinsed with PBS

and suspended in lysis buffer containing 20 mM

Tris–Cl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40,

0.5% sodium deoxycholate, 0.1% sodium dodecyl

sulfate, and protease inhibitor cocktail (Roche, Indi-

anapolis, IN, USA). The lysates were microcentri-

fuged at 12,0009g for 5 min and the supernatants

were retained. Equal amounts of proteins were

separated by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) and then transferred

to polyvinylidene difluoride (PVDF) membranes

(Millipore, Billerica, MA, USA). After blocking with

3% non-fat dry milk for 1 h, the membranes were

incubated overnight at 4�C with primary antibodies

against LC3 (Novus, Littleton, CO, USA), autoph-

agy-related gene (ATG) 6 (also known as Beclin-1),

phospho-Erk, Erk (Cell signaling, Beverly, MA,

USA) or b-actin (Sigma), and then incubated with

the appropriate horseradish peroxidase-conjugated

secondary antibody (Pierce, Rockford, IL, USA).

The Immobilon Western ECL solution (Millipore)

and Kodak Image Station 4000MM (Kodak) were

used to visualize the immunoreactive bands. Band

intensities were analyzed by densitometry to quantify

protein expression (Kodak Molecular Imaging soft-

ware). The relative expression levels are presented as

the ratio of LC3 II band density to the corresponding

density of b-actin bands.

Western blot analysis of cathepsins released

from lysosome into cytosol

As described previously (Hwang et al. 2008), we

extracted cytosolic proteins using digitonin (Sigma)

which disrupts plasma membrane leaving cellular

organelle in the cell pellets (Plutner et al. 1992). In

brief, cytosolic proteins were extracted with extrac-

tion buffer (250 mM sucrose, 20 mM HEPES,

10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, and

1 mM EGTA) containing 25 lg/ml digitonin by

rocking (100 rpm) on ice for 15 min. Protein in the

cytosolic extracts was precipitated with 10% trichlo-

roacetic acid, washed with methanol, and lysed with

lysis buffer (20 mM Tris–Cl pH 7.4, 150 mM NaCl,

1 mM EDTA, 1 mM EGTA, 1% Triton X-100,

2.5 mM sodium pyrophosphate, 1 lM Na3VO4,

1 lg/ml Leupeptin, and 1 mM phenylmethylsulfonyl

fluoride). Equal amounts of proteins were separated

by SDS-PAGE and analyzed by western blotting

using antibodies against cathepsin D (Santa Cruz,

Santa Cruz, CA, USA), and tubulin (Cell signaling),

as described above.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (Sigma)

and incubated for 30 min at room temperature in

blocking solution containing 1% bovine serum albu-

min (Sigma) and 0.2% Triton X-100. The cells were

then incubated overnight at 4�C with anti-ATG6

(Cell signaling), anti-Cathepsin B and D (Santa Cruz

Biotechnology), human-specific anti-lysosomal-asso-

ciated membrane protein-2 (Lamp-2, Developmental

Studies Hybridoma Bank, Iowa City, IA, USA), and

anti-HNE antibodies (Alpha Diagnostic, San Anto-

nio, TX, USA) in PBS containing 0.5% sodium azide.

Thereafter, samples were incubated at room temper-

ature for 1 h with Alexa Fluor-conjugated secondary

antibodies (Invitrogen). Three-dimensional images of

stained cells were obtained by z-series analysis using

a confocal microscope (TCS-SP2; Leica, Nussloch,

Germany). Colocalization analysis was performed

using Image J Mander’s coefficients.

Electron microscopy of autometallography

(AMG)-stained MCF-7 cell

For AMG staining, MCF-7 cells exposed to 17 lM

tamoxifen for the indicated times were incubated

with 15 mg/ml selenium for 15 min at 378C in a

humidified CO2 incubator, and then rinsed with

RPMI media. The cells were fixed in 3% glutaralde-

hyde in 0.1 M phosphate buffer (PB) for 5 min at
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room temperature, and then at 48C for 30 min. After

washing three times with PB and briefly rinsing in

distilled water, the samples were submerged in AMG

kit reagent (HQ silver enhancement, Nanoprobes,

Yaphank, NY, USA) for 90 s at room temperature.

The reaction was stopped by washing the samples

with 0.1 M PB. Cells were post fixed in 1% OsO4 in

PB for 20 min, washed again with 0.1 M PB, and

then dehydrated in a graded series of ethanol. During

the dehydration procedure, cells were stained with

1% uranylacetate in 70% ethanol for 10 min, infil-

trated in a graded series of Epon 812 and embedded

in Epon 812. After the embedded block had been

cured at 608C for 3 days, ultrathin sections (70–

90 nm thick, Reichert-Jung, Germany) were collected

on 200 mesh grids coated with 2% collodion and

examined using a transmission electron microscope

(JEOL model 1200EX, Tokyo, Japan).

ROS staining

Tamoxifen-treated cells were incubated with 10 lM

H2DFF-DA for 30 min in serum-free RPMI, washed

with serum-free RPMI, and then observed under an

inverted fluorescence microscope (IX70, Olympus,

Tokyo, Japan). Fluorescent intensity was analyzed

with ROI manager of Image J software.

siRNA transfections

MCF-7 cells were transfected with 250 nM SMART-

pool siRNA targeting ATG6 or control non-targeting

siRNA pool (Dharmacon, Lafayette, CO, USA) using

Lipofectamine 2000, cultured for 2 days, and then

treated with 17 lM tamoxifen for the indicated times.

Results

Tamoxifen induces vacuolar changes

and cell death in MCF-7 cells

At 10 lM, tamoxifen was not toxic to MCF-7 cells

after exposure for 24 h, but induced approximately

70% cell death at 20 lM and near-complete cell

death at concentrations of 30–50 lM (Fig. 1a). These

results yielded an estimated median lethal concentra-

tion (LC50) value for tamoxifen of approximately

17 lM. The time course of LDH release showed that

higher doses of tamoxifen induced more rapid cell

death; at 30 lM, tamoxifen induced total LDH

release after 5 h (Fig. 1b). In subsequent experi-

ments, we used tamoxifen at its LC50 of 17 lM

unless otherwise indicated.

Tamoxifen-induced changes in MCF-7 cell mor-

phology started within 1 h, beginning with the

Fig. 1 Tamoxifen induces

vacuolar changes and cell

death in MCF-7 cells.

a Data represent LDH

release (mean ? SD,

n = 3) 24 h after exposure

to the indicated

concentrations of

tamoxifen. b LDH release

(n = 3) at the indicated

times after continuous

exposure to 17, 20 or

30 lM tamoxifen. c Phase-

contrast photomicrographs

of sham-washed control

MCF-7 cells (CTL) or cells

treated for 4 or 12 h with

17 lM tamoxifen (TAM).

Note prominent vacuoles.

Scale bar, 100 lm
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appearance of small, dark vacuoles in the cytosol of a

small number of cells (not shown). Cytosolic vacu-

oles were evident in most MCF-7 cells after 4 h of

exposure to 17 lM tamoxifen and became highly

conspicuous; the number of vacuoles continued to

increase until the 12-h time point (Fig. 1c). By 24 h,

cells had rounded up and detached from the dish (not

shown).

Tamoxifen-induced AV formation and autophagic

cell death

To determine if autophagy is activated by tamoxifen,

we harvested MCF-7 cells at the indicated times after

a sham washing (control) or exposure to 17 lM

tamoxifen. Western blot analysis of LC3-I and LC3-

II revealed that tamoxifen treatment increased the

level of LC3-II that was evident after 30 min and

persisted for 8 h (Fig. 2a, b). To observe AV

formation, we made MCF-7 cells expressing pGFP-

LC3 permanently (GFP-MCF-7 cells), and analyzed

cells for GFP fluorescence using live-cell confocal

microscopy. The number of LC3(?) vacuoles con-

tinued to increase from 60 to 90 min after initiation

of tamoxifen treatment (Fig. 2c and movie 1 in

supplemental material). LC3 fluorescence (arrows)

was detected in a ring-shaped pattern, consistent with

localization to the AV membrane. Immunocytochem-

istry for ATG6 (Beclin 1) showed that ATG6 was

localized mainly to LC3(?) puncta in tamoxifen-

treated cells, whereas in controls both ATG6 and LC3

showed more diffuse pattern of staining (Fig. 2d).

To confirm that the pattern of LC3 distribution

reflected an autophagic process, we inhibited class III

phosphoinositide 3-kinase (PI3K), which is essential

for activation of autophagy, with the widely used

PI3K inhibitor 3-methyladenine (3-MA) (Fig. 2e).

Tamoxifen increased the number of LC3(?) AVs in

GFP-MCF-7 cells. This increase in the formation of

LC3(?) AVs was blocked by pretreatment with

1 mM 3-MA; this also blocked tamoxifen-induced

MCF-7 cell death, indicating that AV formation is a

Fig. 2 Tamoxifen induces autophagic vacuoles and autopha-

gic cell death. a Western blot analysis of LC3-I and II in cell

lysates 0.5–8 h after sham washing or initiating treatment with

17 lM tamoxifen. The levels of LC3-II increased in cells

treated with tamoxifen. b-actin was used as a loading control.

b Data in the graph represent fold increases in the LC3-II/b-

actin density ratio; LC3II/b-actin ratio at zero time was taken

as 1 (mean ± SEM, n = 3; paired t-test, *P \ 0.05 compared

to control). c Live-cell confocal microscopic images of GFP-

MCF-7 cells collected 60–90 min after addition of 17 lM

tamoxifen. Over time, ring-shaped fluorescence structures

(arrows) gradually appeared. Images are from a z-series (35

z-section images, 1 lm thick). Scale bar, 10 lm. d Fluores-

cence confocal micrographs of GFP-MCF-7 cells stained with

anti-ATG6 (Beclin-1) antibody. Treatment with 17 lM tamox-

ifen for 1 h (TAM) increased LC3(?) AVs compared with

sham-washed controls (CTL). ATG6 immunofluorescence was

also noted in AVs. Images are from a single z-section. Scale

bars, 5 lm. e Fluorescent microscopic images of GFP-MCF-7

cells 1 h after sham-washed control (CTL) and 17 lM

tamoxifen exposure with (?3MA) or without (TAM) addition

of 1 mM 3-MA. Note that 3-MA substantially reduced the

tamoxifen-induced increase in the number of LC3(?) vacuoles.

3-MA alone had no effect on the number of LC3(?) vacuoles.

Scale bar, 10 lm. f Bars represent fold increases in punctuate

fluorescence intensity (PFL intensity) per cell over that of

control cells in e. Results are analyzed by analySIS TS Auto

(mean ? SD, n = 5; paired t-test, *P \ 0.05 compared to

TAM). g Bars represent increases in % area of puncta occupied
in the cytosol over that of control cells. Results are analyzed by

analySIS TS Auto (mean ? SD, n = 5; paired t-test,

*P \ 0.05 compared to TAM). h Fluorescent microscopic

images of GFP-MCF-7 cells. The cells were transfected with

1 lM control non-targeting siRNA (TAM) or ATG6 siRNA

(?ATG6i) for 2 days and then exposed to 17 lM tamoxifen

for 1 h. Note that addition of ATG6i reduced the tamoxifen-

induced increase in the number of LC3(?) vacuoles. Scale bar,

10 lm. i Bars represent fold increases in punctuate fluores-

cence intensity per cell over that of control cells (PFL

intensity) in h. Results are analyzed by analySIS TS Auto

(mean ? SD, n = 3; paired t-test, *P \ 0.05 compared to

TAM). j Western blot analysis of ATG6 in cells used in h and

l. The cells were transfected with 1 lM control non-targeting

siRNA (Control siRNA) or ATG6 siRNA (ATG6i) for 2 days.

The levels of ATG6 decreased by ATG6i. b-actin was used as a

loading control. k. Bars denote LDH release after a 24-h

exposure to 17 lM tamoxifen (TAM) alone or tamoxifen plus

1 mM 3-MA (?3MA) (mean ? SD, n = 3; paired t-test,

**P \ 0.01 compared to tamoxifen alone). l Bars denote LDH

release after a 24-h exposure to 17 lM tamoxifen in GFP-

MCF-7 cells transfected with control non-targeting siRNA

(TAM) or targeting ATG6 (?ATG6i). ATG6i attenuated

tamoxifen-induced cell death (mean ? SD, n = 3; paired

t-test, **P \ 0.01 compared to tamoxifen alone). m Western

blot analysis of phospho-Erk (pErk), Erk, LC3-I and LC3-II

from cells treated with 17 lM tamoxifen or tamoxifen plus

20 lM PD98059 (?PD) or 10 lM U0126 (?U0) for 1 h. PD or

U0 blocked the phosphorylation of Erk and increase in LC3-II

induced by tamoxifen. Exposure to tamoxifen, PD or U0 had

no effect on the level of total cellular Erk. Bars represents

densitometric measurements of the LC3-II bands from cells

treated with 17 lM tamoxifen and tamoxifen plus PD or U0

expressed relative to the corresponding b-actin bands

(mean ? SD, n = 3; paired t-test, *P \ 0.05 compared to

tamoxifen alone)

c
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necessary step in tamoxifen-induced cell death

(Fig. 2k). As shown in Fig. 2f and g, pretreatment

with 3-MA blocked tamoxifen-induced increase in

fluorescent intensity of puncta per cell as well as

percent area occupied by AVs. Consistent with this

observation, silencing ATG6 gene using siRNA

(Fig. 2j) also decreased AVs (Fig. 2h, i) and cell

death (Fig. 2l) induced by tamoxifen, further
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supporting that tamoxifen-induced vacuoles and cell

death are largely autophagic in nature.

Tamoxifen activates Erk, and the Mek inhibitor,

PD98059, attenuates cell death by tamoxifen (Zheng

et al. 2007) and autophagy by TNFa (Cheng et al.

2008), so it is possible that activation Erk contributes

to conversion of LC3-I to LC3-II induced by

tamoxifen. Pretreatment of MCF-7 cells with Mek

inhibitors (20 lM PD98059 or 10 lM U0126) atten-

uated the conversion of LC3-I to LC3-II (Fig. 2m)

induced by tamoxifen.

Zinc(II) ions in tamoxifen-induced AVs

To determine if Zn2? accumulates in AVs, we loaded

MCF-7 cells with the zinc-specific fluorescent dye

FluoZin-3, and then treated cells with tamoxifen. An

analysis of cells by live-cell confocal microscopy

revealed rapid accumulation of Zn2? in vacuoles and

cytosol (Fig. 3a and movie 2 and 3 in supplemental

material). As shown in Fig. 3b, intracellular Zn2?

concentrations are 0.066 nM in control MCF-7 cells

and 0.286 nM in tamoxifen-treated cells. TPEN

Fig. 3 Zinc(II) ions in tamoxifen-induced AVs. a Live-cell

confocal microscopic images of MCF-7 cells stained with

FluoZin-3 at the indicated times (minutes) after the addition of

17 lM tamoxifen. Images are from a z-series (35 z-section

images, 1 lm thick). Scale bar, 10 lm. b Intracellular

concentration of Zn2? ([Zn2?]i) in MCF-7 cells treated with

17 lM tamoxifen with or without 500 nM TPEN for 1 h.

[Zn2?]i was measured using FluoZin-3-AM as described in the

Materials and methods. (mean ? SEM, n = 4–6; paired t-test,

*P \ 0.05). c MCF-7 cells were double-stained with FluoZin-3

and LysoTracker-Red (Lyso) or MitoTracker-Red (Mito). In

control cells (CTL), the levels of Zn2? were low in the cytosol,

lysosomes and mitochondria. In contrast, the levels of Zn2?

increased in the cytosol and lysosomes, but not in

mitochondria, of cells that developed vacuoles 90 min after

treatment with 17 lM tamoxifen (TAM). Images are from a

single z-section. Scale bar, 10 lm. Each correlation plot of

tamoxifen-treated cells is derived from an image shown using

the Ultra View software. The mean correlation coefficient (c)

±SD of 5 images are shown on the plots (right graphs). d RFP-

LC3-transfected cells were treated with 17 lM tamoxifen for

90 min and stained with FluoZin-3 (upper panel) or Lyso-

Tracker-Green (lower panel), respectively. There was sub-

stantial overlap between Zn2?, LC3 and lysosome staining.

Note the ring-pattern of RFP-LC3 fluorescence that surrounds

zinc or LysoTracker fluorescence (Arrows). Images are from a

single z-section. Each mean correlation coefficient (c) ±SD of

10 cells is shown in each merged image. Scale bar, 10 lm
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reduced the increase in intracellular Zn2? by tamox-

ifen to the basal level (0.092 nM).

To determine whether zinc-containing vacuoles

overlapped with lysosomes in these cells, we double-

stained tamoxifen-treated and control MCF-7 cells

with FluoZin-3 and LysoTracker or MitoTracker.

Live-cell confocal microscopy revealed that most of

the zinc(?) vacuoles co-stained with LysoTracker

(the correlation coefficient (c) = 0.80 ± 0.06) but

not with MitoTracker (c = 0.23 ± 0.06) (Fig. 3c).

Additional co-localization studies using RFP-LC3-

transfected cells showed that almost all zinc(?)

vacuoles were LC3(?) AVs (c = 0.93 ± 0.05),

which were also co-stained with LysoTracker

(c = 0.85 ± 0.06) (Fig. 3d). To obtain more direct

evidence for Zn2? in AVs, we stained MCF-7 cells

with zinc AMG and observed them by transmission

electron microscopy. AMG staining revealed that,

whereas no AMG(?) vacuoles were observed in

control cells (Fig. 4a), double- or multi-membraned

vacuoles containing AMG grains were present in

cells treated with tamoxifen for 30 min, indicat-

ing that labile Zn2? is indeed present in AVs

(Fig. 4b). After a 2-h exposure to tamoxifen, single-

membraned autolysosomes containing AMG grains

were observed (Fig. 4c).

The role of zinc in tamoxifen-induced autophagy

and cell death

The fact that Zn2? accumulates in AVs induced by

tamoxifen indicates that Zn2? may have a role in AV

formation. To test this, we examined the effects of

Zn2? or a zinc chelator, TPEN, on tamoxifen-induced

AV formation. Tamoxifen induced conspicuous vac-

uole formation, and the addition of 50 lM ZnCl2,

which alone did not induce any vacuoles (not shown),

further increased vacuole formation (Fig. 5a). Con-

versely, the addition of 500 nM TPEN reduced

tamoxifen-induced AV formation (Fig. 5a). Consis-

tent with these findings, Western blot analyses

revealed that the levels of LC3-II were augmented

by the addition of 50 lM Zn2? (Fig. 5b) but reduced

by the addition of 500 nM TPEN (Fig. 5c). Zn2?

-dependent increase in LC3-II was also induced by

low dose (5 lM) of tamoxifen in MCF-7 cells

(Fig. 5d). Moreover, augmentation of LC3-II by

tamoxifen required Zn2? not only in ER-positive

Fig. 4 Zinc(II) ions stained with AMG in AVs. a–c. Trans-

mission electron micrographs of AMG-stained MCF-7 control

cells (a) or cells treated with 17 lM tamoxifen for 30 min (b)

or 2 h (c)
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MCF-7 cells but also ER-negative SKBr-3 cells

(Fig. 5e). Activation of Erk contributes to autophagy

induced by tamoxifen (Fig. 2m) and Zn2? activates

Erk (Park and Koh 1999) and autophagy (Fig. 5a–c),

so it is possible that the increase in intracellular Zn2?

induced by tamoxifen contributes to by Erk activation.

Zn2? potentiated tamoxifen-induced Erk phosphory-

lation and TPEN inhibited this change (Fig. 5f, h). In

addition, the same pattern was observed for cell death.

Although 15 lM tamoxifen induced a low degree of cell

death, exposure of MCF-7 cells to a non-toxic dose of

Zn2? (20 lM) markedly potentiated tamoxifen-induced

cell death (Fig. 5g). Conversely, the addition of 40 nM

TPEN significantly attenuated tamoxifen-induced cell

death (Fig. 5i). These results indicate that the tamoxifen-

induced increase in intracellular Zn2? mediates auto-

phagic cell death in MCF-7 cells.

Evidence for tamoxifen-induced lysosomal

membrane permeabilization

In autophagy, AVs fuse with lysosomes to form

autophagolysosomes, also called autolysosomes. It is

possible that autophagic cell death involves membrane
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permeabilization of over-loaded autolysosomes, a

process that may be equivalent to the lysosomal

membrane permeabilization (LMP) described in many

cases of cell death (Kroemer and Jaattela 2005). To

assess changes in lysosomal morphology, we stained

cells with an antibody against the lysosomal marker

lysosomal-associated membrane protein-2 (Lamp-2).

Tamoxifen treatment markedly increased the size of

lysosomes but tended to reduce their number (Fig. 6a).

As expected, addition of 500 nM TPEN completely

blocked these tamoxifen-induced morphological

changes (Fig. 6a). Consistent with an LMP process,

cathepsin B and D immunoreactivity was increased in

the cytosol of tamoxifen-treated cells, and this change

was reversed by TPEN (Fig. 6b). We have previously

shown that 4-hydroxynonenal (HNE) accumulation

may contribute to LMP in hippocampal neurons under

conditions of oxidative stress (Hwang et al. 2008).

Consistent with these findings, we found that HNE

immunoreactivity was markedly increased after expo-

sure of MCF-7 cells to tamoxifen, an effect that was

reversed by TPEN (Fig. 6c).

To confirm that LMP occurs in tamoxifen-induced

autophagic cell death, we examined cytosolic levels

of cathepsin D by Western blot analyses. Both

intermediate and mature forms of cathepsin D were

markedly increased in the cytosol 4 h after initiating

tamoxifen treatment, in consistence with the release

of cathepsin D from lysosomes (Fig. 6d, e). The

addition of TPEN or the antioxidant N-acetyl-L-

cysteine (NAC) blocked the tamoxifen-induced

increase in cytosolic cathepsin D levels, indicating

that changes in LMP require endogenous Zn2? as

well as oxidative stress. A cathepsin B inhibitor and a

specific cathepsin D inhibitor (pepstatin A) attenuated

tamoxifen-induced cell death, as did the antioxidant

NAC (Fig. 6f). In addition, NADPH oxidase inhib-

itors (diphenyleneiodonium chloride (DPI) and

apocynin) blocked cell death by tamoxifen,

Oxidative stress is required for LMP

and autophagy

Because oxidative stress induces both lysosomal

Zn2? accumulation and LMP, we examined the

effect of tamoxifen on oxidative stress in MCF-7

cells using H2DFF fluorescence to estimate levels of

oxidative stress (Fig. 7a, b). In contrast to sham-

washed (control) cells, in which H2DFF fluorescence

Fig. 5 The role of zinc(II) ions in tamoxifen-induced autoph-

agy and cell death. a Phase-contrast photomicrographs of MCF-

7 cells after a 4-h exposure to 17 lM tamoxifen (TAM),

tamoxifen plus 50 lM ZnCl2 (?Zn) or tamoxifen plus 500 nM

TPEN (?TPEN). Whereas the addition of ZnCl2 markedly

increased the number of AVs induced by tamoxifen, the addition

of TPEN attenuated AV formation. Scale bar, 100 lm.

b Western blot analysis of LC3-I and LC3-II from MCF-7 cells

treated with 17 lM tamoxifen or tamoxifen plus 50 lM ZnCl2
for 1 h. The addition of ZnCl2 increased the level of tamoxifen-

induced LC3-II and ZnCl2 alone converted LC3-I to LC3-II. The

bar graph represents densitometric measurements of the LC3-II

bands expressed relative to the corresponding b-actin bands and

normalized to the LC3-II/b-actin ratio in controls (mean ? SD,

n = 3; paired t-test, *P \ 0.05 compared to tamoxifen alone,

#P \ 0.05 compared to control). c Western blot analysis of

LC3-I and LC3-II from MCF-7 cells treated with 17 lM

tamoxifen or tamoxifen plus 500 nM TPEN for 1 h. The bar
graph represents densitometric measurements of the LC3-II

bands from cells treated with 17 lM tamoxifen or tamoxifen

plus 500 nM TPEN expressed relative to the corresponding b-

actin bands and normalized to the LC3-II/b-actin ratio in

controls (mean ? SD, n = 4; paired t-test, *P \ 0.05 compared

to tamoxifen alone, #P \ 0.05 compared to control). d Western

blots analysis of LC3-I and LC3-II from MCF-7 cells treated

with 5 lM tamoxifen (TAMlow) or tamoxifen plus 500 nM

TPEN for 4 h. Low dose of tamoxifen increased LC3-II in a

Zn2?-dependent manner. e Western blot analysis of LC3-I and

LC3-II from ER-negative SKBr-3 cells treated with 17 lM

tamoxifen or tamoxifen plus 500 nM TPEN for 1 h. Tamoxifen

increased LC3-II in ER-negative breast cancer cells and

required Zn2? for autophagy activation. f Western blot analysis

of phospho-Erk (pErk) and Erk from cells treated with 17 lM

tamoxifen or tamoxifen plus 50 lM ZnCl2 for 1 h. The addition

of Zn2? increased tamoxifen-induced Erk phosphorylation.

Exposure to tamoxifen or Zn2? had no effect on the level of total

cellular Erk. The bar graph represents densitometric measure-

ments of the pErk bands from cells treated with 17 lM

tamoxifen or tamoxifen plus 50 lM ZnCl2 for 1 h expressed

relative to the corresponding Erk bands and normalized to the

pErk/Erk ratio in controls (mean ? SD, n = 3–6; paired t-test,

*P \ 0.05 compared to tamoxifen alone, #P \ 0.05 compared

to control). g The bar graph denotes LDH release after a 24-h

exposure to 15 lM tamoxifen (TAM) or tamoxifen plus 20 lM

ZnCl2 (?Zn) (mean ? SD, n = 3; paired t-test, **P \ 0.01

compared to tamoxifen alone). Treatment with 15 lM tamox-

ifen or 20 lM ZnCl2 (Zn) did not induced LDH release.

h Western blot analysis of phospho-Erk (pErk) and Erk from

cells treated with 17 lM tamoxifen or tamoxifen plus 50 or

500 nM TPEN for 1 h. TPEN blocked tamoxifen-induced Erk

phosphorylation. Exposure to tamoxifen or TPEN had no effect

on the level of total cellular Erk. The bar graph represents

densitometric measurements of the pErk bands from cells

treated with 17 lM tamoxifen or tamoxifen plus 500 nM TPEN

for 1 h expressed relative to the corresponding Erk bands

(mean ? SD, n = 3–6; paired t-test, *P \ 0.05 compared to

tamoxifen alone). i The bar graph denotes LDH release after a

24-h exposure to 17 lM tamoxifen (TAM) or tamoxifen plus 40

nM TPEN (?TPEN) (mean ? SD, n = 3; paired t-test,

*P \ 0.05 compared to tamoxifen alone). Treatment with

40 nM TPEN (TPEN) did not induced LDH release

b
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was negligible, fluorescence was high in MCF-7 cells

treated with 17 lM tamoxifen for 4 h. This increase

in fluorescence was completely blocked by the

antioxidant 1 mM NAC. NAC also attenuated vacu-

ole formation (phase-contrast images, Fig. 7a) and

increased the level of LC3-II (Fig. 7c) induced by

tamoxifen, thus confirming that ROS is also neces-

sary for the initiation of autophagy by tamoxifen.

Moreover, NAC abolished the tamoxifen-induced

increase in Zn2?, indicating that ROS acceler-

ates tamoxifen-induced Zn2? accumulation (Fig. 7d).

Conversely, addition of zinc chelator TPEN reduced

the accumulation of ROS (Fig. 7b, e), indicating the

existence of a positive feedback between Zn2?

accumulation and oxidative stress in tamoxifen-

induced MCF-7 cell death.

Discussion

The main finding of the present study is that

tamoxifen-induced AVs in MCF-7 breast cancer cells

Fig. 6 Evidence for LMP in tamoxifen-treated cells. a Fluo-

rescence confocal micrographs of MCF-7 cells stained with anti-

Lamp-2 antibody. Treatment with 17 lM tamoxifen for 1 h

(TAM) increased the size of lysosomes compared with sham-

washed controls (CTL). The addition of 500 nM TPEN

(?TPEN) blocked this effect of tamoxifen. Images are from a

z-series (12-15 images, 1 lm thick). Scale bar, 10 lm.

b Fluorescence confocal micrographs of MCF-7 cells stained

with anti-cathepsin B and D antibodies. Tamoxifen treatment

increased cathepsin B and D immunoreactivity in the cytosol

compared with sham-washed controls. The addition of 500 nM

TPEN blocked this effect of tamoxifen. Images are from a single

z-section. Scale bar, 10 lm. c Fluorescence confocal micro-

graphs of MCF-7 cells stained with anti-HNE adduct antibody.

Tamoxifen treatment increased the level of HNE immunoreac-

tivity compared with sham-washed controls. The addition of

500 nM TPEN blocked this effect of tamoxifen. Images are from

a z-series (12–15 images, 1 lm thick). Scale bar, 10 lm. d
Western blot analysis of cathepsin D in cytosolic fractions

(Supernatants) and pellets (membrane-enriched fraction)

obtained from MCF-7 cells after a 4-h exposure to 17 lM

tamoxifen (TAM) or tamoxifen plus 500 nM TPEN or 1 mM

NAC. Tubulin was used as a loading control. The addition of

TPEN or NAC blocked the tamoxifen-induced release of

intermediate and mature cathepsin D into cytosol. e Data in the

graph represent fold increases in the mature cathepsin D/tubulin

density ratio of MCF-7 cell treated with 17 lM tamoxifen

(TAM) or tamoxifen plus 500 nM TPEN or 1 mM NAC;

cathepsin D/tubulin ratio in control was taken as 1 (mean ? SD,

n = 4–5; paired t-test, *P \ 0.05 compared to control). f Bars
denote LDH release after a 24-h exposure to 17 lM tamoxifen or

tamoxifen plus 100 nM cathepsin B inhibitor (CBI), 10 lM

pepstatin A (PepA) or 1 mM NAC (mean ? SD, n = 3–7;

paired t-test, *P \ 0.05 compared to tamoxifen alone)
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accumulate high levels of Zn2?. In addition, intra-

cellular zinc chelator TPEN blocked tamoxifen-

induced autophagy, indicating the possible role of

Zn2? therein. Tamoxifen is a widely used antineo-

plastic agent. It is well known that tamoxifen induces

growth arrest or various forms of cell death including

apoptosis and autophagic cell death, depending on

doses (Bursch et al. 1996). The tamoxifen concen-

tration used in the present study (17 lM) was chosen

because it induced excess autophagy accompanied by

conspicuous cell death in 24 h. It is likely that with

more prolonged exposure, toxic concentrations of

tamoxifen are lower.

Tamoxifen is a selective estrogen receptor modu-

lator primarily used against ER(?) breast cancer

(Jensen and Jordan 2003; Vijayanathan et al. 2006).

Although blockade of ER may be important for its

anticancer effect in ER(?) cells, at doses approxi-

mately four fold to eight fold above those used for ER

inhibition, tamoxifen shows therapeutic activity in

ER(-) tumors, including glioma, melanoma, pancre-

atic carcinoma, lung cancer, and renal cell carcinoma

(Gelmann 1997; Heerdt and Borgen 1999; Lee et al.

2000a). Our results showed that tamoxifen increased

LC3-II conversion in both ER-positive MCF-7 and

ER-negative SKBr-3 breast cancer cells (Fig. 5b, e),

Fig. 7 Oxidative stress is required for LMP. a Phase-contrast

(left) and H2DFF fluorescence (right) micrographs of MCF-7

cells. Upper: Sham-washed control. Middle: After a 4-h

exposure to 17 lM tamoxifen; tamoxifen markedly increased

the level of ROS in MCF-7 cells. Lower: Addition of 5 mM

NAC inhibited the rise in ROS levels and blocked

AV formation induced by tamoxifen. Scale bar, 100 lm.

b Fluorescent intensity of H2DFF from the cell treated with

17 lM tamoxifen alone (TAM), tamoxifen plus 5 mM NAC

(?NAC) or tamoxifen plus 500 nM TPEN (?TPEN). Data

obtained from more than 40 cells in each picture were analyzed

using Image J program (mean ? SEM, n = 3, Student t-test,

***P \ 0.0001). c Western blot analysis of LC3 from cells

treated with 17 lM tamoxifen or tamoxifen plus 1 mM NAC

for 4 h. NAC reversed the tamoxifen-induced increase in LC3-

II levels. b-actin was used as a loading control. Bars represent

densitometric measurements of the LC3-II bands from cells

treated with 17 lM tamoxifen or tamoxifen plus NAC

expressed relative to the corresponding b-actin bands

(mean ? SD, n = 4; paired t-test, *P \ 0.05 compared to

tamoxifen alone). d FluoZin-3 fluorescence micrographs of

sham-washed (CTL) MCF-7 cells, or cells treated for 4 h

treatment with 17 lM tamoxifen (TAM) or tamoxifen plus

1 mM NAC (?NAC). Addition of NAC attenuated the increase

in Zn2? signals induced by tamoxifen. Scale bar, 100 lm.

e H2DFF fluorescence micrographs of MCF-7 cells after a 4-h

treatment with 17 lM tamoxifen (TAM) or tamoxifen plus

500 nM TPEN (?TPEN). Note that TPEN blocked the

tamoxifen-induced increase in ROS. Scale bar, 100 lm
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indicating that tamoxifen-induced autophagy is inde-

pendent to ER. Recently, tamoxifen has been shown

to induce autophagy and autophagic cell death in

breast and colon cancer cells (de Medina et al. 2009;

Scarlatti et al. 2004) in an Erk-dependent manner

(Zheng et al. 2007). Consistent with these reports,

tamoxifen, at 17 lM, induces LC3-II conversion, AV

formation and cell death in MCF-7 cells also in an

Erk-dependent fashion. Since Zn2? also activates Erk

via inhibition of phosphatase (Haase and Maret 2003)

or activation of receptor tyrosine kinase (Hwang et al.

2005), it is possible that tamoxifen activates Erk via

an increase in the level of intracellular Zn2?. The

near complete blockade of cell by 3-MA, an inhibitor

of autophagy, strongly suggests that tamoxifen-

induced cell death is indeed autophagic in nature.

Since almost all zinc tightly binds to proteins,

concentration of total zinc in mammalian cells is

several hundred micromolar but the concentration of

free Zn2? is only picomolar (Li and Maret 2009).

Regardless, free Zn2? is increasingly recognized as a

mediator of key intracellular signaling events, includ-

ing cell death (Choi and Koh 1998; Frederickson

et al. 2005). Yet despite this awareness and the keen

research interest in autophagy on the part of inves-

tigators working in diverse fields of biology, the role

of endogenous Zn2? in autophagy has not been

considered. Our results demonstrate a role for Zn2? in

tamoxifen-induced AV formation and autophagic cell

death via Erk activation.

Although Zn2? accumulation in AVs is a novel

finding of the present study, we previously reported

that labile Zn2? accumulation occurs in lysosomes of

hippocampal neurons under conditions of oxidative

stress (Hwang et al. 2008). Our results confirm this

hypothesis: control lysosomes were negative for

Zn2?, whereas the LC3(?) autolysosomes in cells

treated with tamoxifen were loaded with Zn2?. We

were unable to determine whether Zn2? accumulation

occurs before or after the fusion of AVs with

lysosomes because this process occurs very rapidly.

Another issue is the source of Zn2?. Tamoxifen

induces oxidative stress in MCF-7 cells, and the

antioxidant NAC attenuates the tamoxifen-induced

increase in intracellular Zn2?, so it is possible that

Zn2? is released from zinc-binding proteins containing

Fig. 8 A diagram for toxic mechanism of action by tamoxifen.

Tamoxifen increases ROS production and intracellular Zn2?

levels in MCF-7 cells. Increases in intracellular ROS and Zn2?

resulted in activation of ERK and autophagy. Whereas

adequate levels of autophagy may be beneficial for cell

survival, excessive levels of autophagy such as induced by

toxic levels of tamoxifen, may result in LMP and cell death. It

can be the mechanism of other anticancer drugs, such as

ectoposide or histone deacetylase inhibitor (HDACi) that are

known to induce autophagic cell death. In contrast, too low

levels of ROS production and labile Zn2? may lead to

diminished autophagy, which renders cells more vulnerable

to various insults. It is in the cases of ATG knock out (ATG K/

O) or aging, leading to neurodegeneration or cancer
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oxidation-sensitive zinc-binding sites, such as metal-

lothionein (MT). MT has 20 cysteines that bind to 7

zinc atoms, and oxidation of these cysteines release 7

zinc atoms (Maret and Vallee 1998). The fact that MT

is localized in lysosomes (Klein et al. 1998) suggests

MT can be a source of Zn2? in tamoxifen-treated MCF-

7 cells. Or it is possible that AVs may have zinc

transporters or pumps to take up Zn2?. It is unclear

whether vacuolar Zn2? accumulation per se or Zn2?

action at upstream cytosolic signaling events is

important for autophagy. The development of site-

specific zinc chelators would provide the tools neces-

sary to further investigate the mechanism of Zn2?

action. Our demonstration that TPEN inhibited tamox-

ifen-induced increase in the level of LC3-II indicates

that Zn2? acts upstream of AV formation. Because

TPEN also reduced the level of tamoxifen-induced

ROS, it is possible that Zn2? contributes to ROS

generation. Further studies are needed to identify the

precise site of Zn2? action in autophagy.

Oxidative stress has previously been implicated as

an autophagy stimulus (Chen et al. 2008; Scherz-

Shouval et al. 2007). It is known that NADPH

oxidase plays a role in tamoxifen-indued cell death in

hepatoblastoma (Lee et al. 2000b) and that NADPH

oxidase inhibitor DPI opposes tamoxifen-induced cell

death in MCF-7 cells (Kallio et al. 2005). Consistent

with these reports, we found that oxidative stress is a

required intermediate event in autophagy; tamoxifen

markedly increased the levels of ROS (H2O2) in

MCF-7 cells, and reducing ROS levels with antiox-

idants prevented tamoxifen-induced AV formation

and Zn2? release. Because tamoxifen-induced MCF-

7 cell death is substantially attenuated by antioxi-

dants, an increase in oxidative stress seems to be a

prerequisite in the sequence of events leading to cell

death. Our results also show that lysosomal enzymes,

such as cathepsin D, are released into the cytosol

following tamoxifen treatment, and inhibiting cathep-

sins rescues cells from tamoxifen-induced death.

These results demonstrate that LMP may be a key

contributor to the mechanism of cell death by

tamoxifen-induced overactivation of autophagy. Con-

sistent with the idea that oxidative stress causes LMP

via Zn2? accumulation, we found that antioxidants

blocked LMP as well as lysosomal and cytosolic

Zn2? accumulation.

Under many conditions, autophagy is considered

as a physiologic cytoprotective mechanism, since its

inhibition causes cell death. However, as shown in

the present study, its overactivation also causes LMP

and cell death. Hence, for the optimal survival of

cells, adequate levels of autophagy may be required.

As ROS and Zn2? are linked to autophagy, their

cellular levels also should be maintained in certain

ranges (Fig. 8). In this regard, it is interesting that

tamoxifen-resistant MCF-7 cells exhibit increased

levels of cytosolic Zn2? (Taylor et al. 2008). These

cells may have altered distribution of cellular Zn2?,

and thus may exhibit altered responses to tamoxifen

treatment in terms of Zn2? level changes and ROS

production.

Our demonstration that labile Zn2? accumulates in

AVs and is required for autophagy and cell death in

MCF-7 breast cancer cells raises the possibility that

dynamic changes in the level of labile Zn2? may have

an important role therein. These insights may prove

helpful in designing novel therapeutic strategies based

on controlling labile Zn2? levels to treat human disease

in which aberrant autophagy has been implicated.
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