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The antimalarial agent artesunate (ART) activates pro-
grammed cell death (PCD) in cancer cells in a manner depen-
dent on the presence of iron and the generation of reactive oxy-
gen species. In malaria parasites, ART cytotoxicity originates
from interactions with heme-derived iron within the food vac-
uole. The analogous digestive compartment of mammalian
cells, the lysosome, similarly contains high levels of redox-ac-
tive iron and in response to specific stimuli can initiate mito-
chondrial apoptosis. We thus investigated the role of lyso-
somes in ART-induced PCD and determined that in MCF-7
breast cancer cells ART activates lysosome-dependent mito-
chondrial outer membrane permeabilization. ART impacted
endolysosomal and autophagosomal compartments, inhibiting
autophagosome turnover and causing perinuclear clustering of
autophagosomes, early and late endosomes, and lysosomes.
Lysosomal iron chelation blocked all measured parameters of
ART-induced PCD, whereas lysosomal iron loading enhanced
death, thus identifying lysosomal iron as the lethal source of
reactive oxygen species upstream of mitochondrial outer
membrane permeabilization. Moreover, lysosomal inhibitors
chloroquine and bafilomycin A1 reduced ART-activated PCD,
evidencing a requirement for lysosomal function during PCD
signaling. ART killing did not involve activation of the BH3-
only protein, Bid, yet ART enhanced TNF-mediated Bid cleav-
age. We additionally demonstrated the lysosomal PCD path-
way in T47D and MDA-MB-231 breast cancer cells.
Importantly, non-tumorigenic MCF-10A cells resisted ART-
induced PCD. Together, our data suggest that ART triggers
PCD via engagement of distinct, interconnected PCD path-
ways, with hierarchical signaling from lysosomes to mitochon-
dria, suggesting a potential clinical use of ART for targeting
lysosomes in cancer treatment.
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Artemisinin, the active principle of the Chinese medicinal
herb Artemisia annua L., and its water-soluble derivative,
artesunate (ART),? are potent antimalarial treatments (1).
Additionally, these compounds selectively activate pro-
grammed cell death (PCD) in cancer cells (2—4) and inhibit
angiogenesis in both in vitro and in vivo models (7). Impor-
tantly, preliminary in vivo investigations indicate a therapeu-
tic potential for cancer treatment (5-7), and clinical studies
have already shown an excellent safety record in malaria
treatment (8). Successful compassionate use of ART in uveal
melanoma patients indicates its potential for cancer therapy
(9). Components of canonical PCD pathways have been impli-
cated in ART-activated cell death, including p53 (10), Bcl2
family-mediated mitochondrial dysfunction (10, 11), and en-
hanced reactive oxygen species (ROS) production (12-14).
However, detailed understanding of the molecular mecha-
nisms and the sequence of events during ART-induced cell
death in cancer cells is limited.

The malaria parasite digests iron-rich hemoglobin in its
acidic food vacuole, and the interaction of ART with heme-
derived iron results in lethal ROS generation (15). The para-
site food vacuole is analogous to eukaryotic lysosomes, or-
ganelles that constitute a major site of intracellular
degradation via hydrolytic enzymes. Lysosomes are responsi-
ble for the degradation of proteins that have been endocy-
tosed and trafficked through the endosomal compartment, as
well as for the degradation of cytosolic long- and short-lived
proteins and organelles that have entered the lysosome via
autophagy pathways (16). Furthermore, endosomes and lyso-
somes are important sources of redox-active free iron, critical
for intracellular biochemistry. Iron release can occur via lyso-
somal uptake and degradation of cytosolic ferritin (17) and via
endocytosed transferrin, which releases iron in the acidic en-

3 The abbreviations used are: ART, artesunate; AV, autophagosomal vesicle;
BAF, bafilomycin A1; bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxy-
methyl)propane-1,3-diol; CQ, chloroquine; DFO, deferoxamine mesylate;
FM, full medium; H,DCF-DA, dichlorodihydrofluorescein diacetate; HTF,
diferric holotransferrin; KHS, Krebs-Henseleit solution; LTR, LysoTracker
Red; MOMP, mitochondrial outer membrane permeabilization; MR, (z-
RR),-MagicRed-cathepsin B substrate; PCD, programmed cell death;
PepA, pepstatin A; Pl, propidium iodide; ROS, reactive oxygen species;
TX, trolox.
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dosomes (reviewed in Ref. 18). The endolysosomal free iron
pool is sensitive and responsive to oxidative stress (19), with
hydrogen peroxide reacting with iron to form the reactive
hydroxyl radical in a Fenton-type reaction.

Lysosomal ROS generation can cause lysosomal membrane
permeabilization (20), whereby lysosomal cathepsins, as well
as other hydrolytic enzymes, are released from the lysosomal
lumen to the cytosol, and can trigger PCD (21). In the cytosol,
lysosomal cathepsins can cleave to activate pro-apoptotic pro-
teins, including Bid (22, 23) and caspase 8 (24), thereby engag-
ing apoptosis through activation of mitochondrial outer
membrane permeabilization (MOMP). In the study presented
here we sought to determine the contributions and connec-
tions of endolysosomes and mitochondria during ART-in-
duced PCD in human breast cancer cells.

EXPERIMENTAL PROCEDURES

Reagents— Artesunate was purchased from Saokim Ltd.
Trolox, chloroquine, and holotransferrin were purchased
from Sigma. Pepstatin A methyl ester, E64D, deferoxamine
mesylate, and bafilomycin Al were purchased from EMD Bio-
sciences. Ceramide was purchased from Biozol. LysoTracker
Red, YO-PRO-1, propidium iodide, and H,DCF-DA were
purchased from Invitrogen. (z-RR),-MagicRed-cathepsin B
substrate was purchased from B-Bridge International Inc.
TNF was a kind gift of BASF (Mannheim, Germany).

Construction of Expression Vectors—To generate mCherry-
LC3, LC3 coding sequence was amplified from pEGFP-LC3
(25) inserted into pmCherry-C1. Rab5a (DKFZ clone reposi-
tory, NM_004162) was amplified and inserted into
pmCherry-C1 to generate mCherry-Rab5. To generate Bid
sensor, mCherry was fused to full-length Bid (obtained from
Ortiz-Ferrdn et al. (26)) at the N terminus, and GFP was fused
in-frame to the C terminus of Bid. The caspase 8-insensitive
BidA60 sensor was obtained using site-directed mutagenesis
to generate the D60A mutation (27).

Cell Culture—Human breast cancer cell lines MCF-7 (Cell
Lines Services, Heidelberg, Germany), T47D, and MDA-MB-
231 (Unit of Toxicology and Chemotherapy, German Cancer
Research Center) were maintained in full medium (FM), con-
sisting of DMEM (MCF-7) or RPMI (T47D, MDA-MB-231)
supplemented with 10% fetal bovine serum, 2 mm L-gluta-
mine, non-essential amino acids (only for MCF-7), 100
units/ml penicillin, 100 units/ml streptomycin, and 0.25
pg/ml amphotericin B. MCF-10A human breast epithelial
cells were cultured in DMEM/F12 medium supplemented
with 5% horse serum, 20 ng/ml epithelial growth factor, 0.5
g/ml hydrocortisone, 10 pg/ml insulin, 100 units/ml penicil-
lin, 100 units/ml streptomycin, and 0.25 ug/ml amphotericin
B. MCE-7 cell lines stably expressing fusion proteins mi-
toNEET-(1-23)-GFP (28), mCherry-LC3, GFP-Bax (29),
mCherry-Rab5, and GFP-Rab7 (30) were generated by grow-
ing transfected cells in FM supplemented with 1 mg/ml G418
(Carl Roth GmbH) for 2 weeks, after which single positive
colonies were isolated and propagated. For drug treatments,
cells were treated at a confluency of 90 —-100%. Drug incuba-
tions were performed in Krebs-Henseleit solution (KHS, in
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mu: 110 NaCl, 4.7 KC, 1.2 KH,PO,, 1.25 MgSO,, 1.2 CaCl,,
25 NaHCO,, 15 glucose, and 10 HEPES, pH 7.4).

96-Well Plate Assays—Cells were plated in black clear-
bottom 96-well plates (PerkinElmer Life Sciences) for bot-
tom-to-top readings. Cells were treated in duplicate wells
with various drug cocktails in KHS and at the indicated time
were incubated with fluorescent probes for 0.5-1 h in sepa-
rate wells for each dye. Exclusion dyes YO-PRO-1 (0.1-1 um)
and propidium iodide (PI; 1 ug/ml) were used to monitor
early and late stage apoptotic and necrotic cells and late stage
apoptotic and necrotic cells, respectively (31). H,DCF-DA (10
M) was used to monitor ROS generation via the fluorescent

nature of its oxidized product, dichlorofluorescein (DCF) (32).

Dye fluorescence was measured by a Tecan Infinite M200
plate reader (Tecan) at wavelengths according to manufactur-
er’s instructions.

Fluorescence Imaging—Cells were plated in glass-bottom
8-well w-slides (iBidi). Wide field fluorescence microscopy
was performed with a DeltaVision RT microscope system
(Applied Precision) equipped with a X40 air objective and a
X 60 oil immersion objective, and images were deconvolved to
maximize spatial resolution. Confocal microscopy was per-
formed with a Leica SP5 laser scanning confocal microscope
(Leica Microsystems) using a X40 oil immersion objective.
Images shown are maximum projections of Z-stacks of repre-
sentative cells covering total cellular fluorescence.

Investigation of Endolysosomal Characteristics—To deter-
mine lysosomal functional state, cells were loaded with Lyso-
Tracker Red (LTR; 5 nm), which selectively labels acidic lyso-
somes (30), for 1 h at 37 °C after which time live cells were
imaged immediately. Cathepsin B activity and localization
were analyzed using (z-RR),-MagicRed-cathepsin B substrate
(MR). MR was reconstituted and incubated at a concentration
of 2.2 um for 1 h at 37 °C prior to the imaging of live cells. To
assess the intracellular distribution of early endosomes,
MCE-7 cells stably expressing mCherry-Rab5 were subjected
to live cell imaging. Similarly, the intracellular distribution of
late endosomes and lysosomes was investigated using MCF-7
cells stably expressing GFP-Rab7 (33). Alternatively, lyso-
somes were visualized in cells fixed with 4% paraformalde-
hyde (EMS) by immunostaining with mouse anti-Lamp2a
(Santa Cruz Biotechnology)/Alexa Fluor 546 goat anti-mouse
(Invitrogen). Z-stacks or two-dimensional images of live or
fixed cells were obtained at X60 magnification and 1-um
increments.

Measurement of Events Associated with MOMP—These
events were measured as follows. (i) To examine mitochon-
drial morphology, MCEF-7 cells stably expressing the outer
mitochondrial marker, mitoNEET-(1-23)-GFP (28), were
subjected to the indicated drug treatments. At 24 h, Z-stacks
of live cells were taken at X60 magnification and 1-um incre-
ments. Mitochondria were identified as either elongated and
networked or as fragmented. (ii) Intracellular GFP-Bax (29)
distribution was used to quantify Bax activation. MCF-7 cells
stably expressing GFP-Bax were subjected to the indicated
conditions. At 24 h, Z-stacks were captured at X40 magnifi-
cation and 1-um increments. From maximum projection im-
ages, cells were classified as exhibiting either diffuse cytosolic
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(inactive) or punctate mitochondrial (active) GFP-Bax fluo-
rescence. (iii) Cytochrome ¢ was determined in paraformalde-
hyde-fixed cells following staining with mouse anti-cyto-
chrome ¢ (BD Biosciences)/Alexa Fluor 546 goat anti-mouse
(Invitrogen), in combination with rabbit anti-COX IV (Cell
Signaling)/Alexa Fluor 488 goat anti-rabbit (Invitrogen), to
visualize mitochondria. Nuclei were labeled with Hoechst
33342 (1 pg/ml, Invitrogen). Z-stacks of two fields-of-view/
condition were obtained at X40 magnification and 0.6 —1-um
increments. Quantitative analysis was performed using
Image] (NIH). The total number of cells was determined from
manually adjusted, Otsu-thresholded Hoechst channels using
the “nucleus counter” plug-in. Cells were then scored as cells
with mitochondrial cytochrome ¢, i.e. colocalized COX IV and
cytochrome ¢, and cells with cytosolic cytochrome ¢, i.e. loss
of colocalization with COX IV.

Flow Cytometry—MCE-7 cells were plated in 96-well plates
and treated for 24 h. After the indicted treatment period, cells
were incubated with either LTR (100 nm) or MagicRed (2.2
M) for 1 h. Detached and trypsinized cells were collected,
and flow cytometry was performed with a Beckman Coulter
FC500 flow cytometer, custom-equipped with a 561 nm laser.
Mean intensity values were normalized to the control cells
in KHS.

Western Blotting—Detached and adherent cells were col-
lected, and whole cell lysates were prepared with radioim-
muno precipitation assay buffer (Millipore) containing com-
plete protease inhibitor mixture (Roche Applied Science).
Protein concentrations were determined using Coomassie
reagent (Sigma). Samples were electrophoresed in using either
10% (Bid and GFP (Fig. 8)) or 12% (LC3B (Fig. 3)) bis-Tris
NuPAGE (Invitrogen), and proteins were then transferred to
nitrocellulose using the iBlot dry blotting system (Invitrogen).
Immunodetection was performed using antibodies against
B-actin (Abcam), Bid (Cell Signaling), GFP (Cell Signaling),
and LC3B (Cell Signaling). LC3 blots were prepared using
HRP-linked secondary antibodies (Cell Signaling) and ana-
lyzed with an Intas chemiluminescence imager. Bid blots were
prepared using fluorescently labeled secondary antibodies,
DyLight 680 and DyLight 800 (Thermo Scientific), and ana-
lyzed with an Odyssey infrared imaging system (Licor). Blots
shown are representative of at least three independent
experiments.

Statistical Analyses—Measurements were normalized to
control (KHS conditions), and the probability of statistically
significant increases or decreases between conditions was de-
termined using the Student’s ¢ test. One-tailed ¢ tests were
performed, paired for matched data sets and unpaired for un-
matched data sets. Values are expressed as mean * S.E. of at
least three independent experiments.

RESULTS
ART Activates Cell Death of MCF-7 Breast Cancer Cells

We initially determined the conditions under which ART
triggers robust cell death in MCE-7 cells, as a function of con-
centration and time (Fig. 14). MCEF-7 cells were incubated in
Krebs-Henseleit solution (KHS), a defined glucose-containing
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basic salt solution, with or without ART at concentrations of
1, 10, and 20 ug/ml, previously shown to be cytotoxic in can-
cer cells (10). At time points of 24 and 48 h, cell viability was
determined by exclusion dyes: YO-PRO-1 to label early and
late stage apoptotic cells and necrotic cells, and PI, to label
late stage apoptotic and necrotic cells (34). TNF (43 ng/ml),
an inflammatory cytokine, was used as a positive control for
apoptosis induction, with significant cell death detection at 24
and 48 h. ART concentrations of 10 and 20 ng/ml signifi-
cantly activated cell death in a dose-dependent manner after
24 and 48 h of treatment. ART at 1 ug/ml induced significant
levels of cell death only after 48 h.

ROS Are Causative in ART-induced Cell Death

Earlier studies have implicated ROS as an important media-
tor of ART-induced cell death in cancer cells (35). Therefore,
we measured the effect of ART on ROS levels in MCF-7 cells
during the early (18 h) cell death-signaling phase using
H,DCE-DA, a live cell ROS indicator (32). As shown in Fig.
1C, ROS levels significantly increased in ART-treated but not
TNE-treated cells. To determine the role of ROS in death sig-
naling, cells were co-treated with trolox (TX), a water-soluble
vitamin E analog and potent scavenger of the hydroxyl radical
(36). TX abolished ART-induced ROS generation and had no
effect on ROS levels in TNF-treated cells (Fig. 1C). Moreover,
TX significantly reduced ART-induced cell death at both 24
and 48 h, whereas TX did not affect TNF-induced cell death
(Fig. 1B). These data indicate ROS as a causative factor in
ART- but not TNF-triggered cell death.

Endolysosomal Iron Chelation Confers Potent Protection from
ART-triggered PCD

Redox-active iron in mammalian lysosomes is an important
intracellular lethal source of ROS (20). Moreover, iron-de-
rived ROS are a contributing factor in ART-induced cell
death in the malaria parasite (15). Therefore, we investigated
the role of lysosomal iron in ART-activated ROS production
and PCD in MCE-7 cells by employing the iron chelator de-
feroxamine mesylate (DFO). DFO specifically targets lysoso-
mal iron as it enters the cell via endocytosis and accumulates
in the lysosome (37).

DFO (0.1 mm) alone slightly (not significant) increased ba-
sal ROS (Fig. 24, 18 h) and cell death (Fig. 2B, 48 h) levels in
both control and TNF-treated cells. In combination with
ART, DFO decreased ART-triggered ROS production, with a
significant difference for ART at 20 ug/ml. Moreover, at 48 h
DFO significantly decreased ART-induced cell death to the
levels of DFO alone at ART concentrations of both 10 and 20
pg/ml.

Endolysosomal Iron Loading Enhances ART-triggered PCD

As scavenging lysosomal free iron reduced ART-activated
cell death, we sought to determine whether increasing endoly-
sosomal iron could enhance ART-activated cell death. We
employed diferric holotransferrin (HTF), which is actively
internalized by receptor-mediated endocytosis; during transit
through endolysosomes, bound iron is released due to low pH
environment (18). HTF at concentrations of 0.05, 0.5, and 5
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FIGURE 1. ART activates ROS-dependent cell death in MCF-7 cells. A, ART-induced cell death is dose- and time-dependent. MCF-7 cells were either incu-
bated in KHS alone or treated with 1, 10, or 20 ng/ml ART in KHS. Cell death was assessed at 24 and 48 h using exclusion dyes PI (1 ug/ml) and YO-PRO-1
(0.1 um) in a fluorescence plate reader assay. Cell death is represented as the percentage of dye fluorescence normalized to KHS, and the x axis crosses at
100%, i.e. basal KHS levels (¥, p < 0.05; #, p < 0.001, compared with KHS). B, ART-induced PCD is inhibited by the ROS scavenger TX. MCF-7 cells were
treated with the indicated drugs in KHS for 24 and 48 h as indicated, and cell death was determined as described in A. (¥, p < 0.05; #, p < 0.001, without TX
versus with TX). C, TX blocks ART-induced increase in ROS. MCF-7 cells were subjected to drug treatments with and without TX (0.25 mm). At 18 h ROS pro-
duction was assessed using H,DCF-DA and graphed normalized to KHS. (¥, p < 0.05, without TX versus with TX).
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FIGURE 2. Endolysosomal iron mediates ART-activated PCD signaling. A and B, MCF-7 cells were treated with the iron chelator DFO (0.1 mm) and/or the
indicated drug in KHS. A, ROS generation was determined at 18 h using H,DCF-DA (10 um) (*, p < 0.05; without DFO versus with DFO). B, cell death was
measured at 48 h using YO-PRO-1 (1 um) and PI (1 wg/ml) (*, p < 0.05; #, p < 0.001, without DFO versus with DFO). The percentage of dye fluores-
cence normalized to KHS is graphed. The x axis crosses at 100% (i.e. KHS), signifying basal ROS (A) or cell death (B) levels. C, endolysosomal iron con-
tent was increased via incubation with diferric HTF (0.05, 0.5, and 5 um). Cell death was measured at 24 and 48 h using PI (1 wg/ml). Graphs indicate
responses as the percentage of dye fluorescence normalized to KHS, and the x axis crosses at 100%, i.e. basal KHS levels (*, p < 0.05, with HTF versus

without HTF).

M alone had no impact on cell viability, and HTF did not
impact TNF-induced cell death. HTF co-treatment with both
10 and 20 pg/ml ART significantly increased cell death at

24 h and at 48 h (Fig. 2C). The ensemble of findings given
above indicates that lysosomal free iron serves as the major
source of ROS and thereby is a critical prerequisite during
ART-mediated cell death in MCF-7 breast cancer cells.

Impact of ART on Autophagosomal/Endolysosomal Activity
Both DFO and HTF accumulate in endolysosomes, and as
such their respective antagonizing and enhancing effects on
ART-activated cell death suggest a pro-death role for the en-
dolysosomal compartment. To that end we determined the

FEBRUARY 25, 2011+<VOLUME 286+NUMBER 8

impact of ART on several parameters of lysosomal function,
including autophagy, endolysosomal trafficking, and lysoso-
mal activity state at population, single cell, and subcellular
levels.

ART Inhibits Autophagosome Turnover—The impact of
ART on autophagy was investigated in MCF-7 cells stably
expressing mCherry-LC3, which labels both autophagosomes
and autolyososmes (38), referred to here as autophagosomal
vesicles (AVs). Under FM conditions, where basal autophagic
activity is low, numerous small AVs were distributed homoge-
neously throughout the cell. Under KHS conditions, where
autophagy is up-regulated, increased levels of AVs were de-
tected, likely corresponding to autolysosomes, and these were
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FIGURE 3. ART inhibits turnover of AVs and induces perinuclear AV clus-
tering. A, MCF-7 cells stably expressing mCherry-LC3 were subjected to the
indicated conditions for 24 h. Autophagic flux was inferred by comparing
cellular AV content and localization in the absence (steady-state AVs) and
presence (cumulative AVs) of lysosomal inhibitor BAF (100 nm, 3 h of treat-
ment). B, Western blot analysis of cytosolic LC3B-I (~18 kDa) and mem-
brane-bound LC3B-Il (~16 kDa) abundance in the absence and presence of
BAF.

dispersed throughout the cell. In response to both ART 10
pg/ml and ART 20 ug/ml, AVs were clustered to the perinu-
clear region (Fig. 34, arrows). DFO treatment prevented AV
clustering in response to ART.

At any given time, the number of steady-state autophago-
somes is a function of autophagosome formation and degra-
dation, i.e. flux. To determine autophagic flux, it is necessary
to compare the number of steady-state AVs with the number
of AVs accumulating in the presence of lysosomal protease
inhibitors, i.e. AV formation in the absence of degradation
(38, 39). Here, lysosomal activity was inhibited using 0.1 um
bafilomycin A1l (BAF), which through inhibition of the lyso-
somal V-ATPase raises lysosomal pH and consequently de-
creases cathepsin activities (40). As expected, under KHS con-
ditions both the number and size of AVs increased
considerably within BAF-treated cells (Fig. 34). Similarly, in
ART-treated cells, BAF induced an increase in AVs, but AVs
remained clustered. Cells that were treated with ART in the
presence of DFO displayed active autophagic flux, similar to
the observed accumulation of AVs in KHS in the presence of
BAF. Furthermore, DFO reversed ART-induced clustering of
AVs. These data indicate that, dependent on lysosomal iron,
(i) ART blocks AV degradation, as formed AVs accumulated
under steady-state conditions, whereas cumulative levels of
AVs showed no apparent effect; and (ii) ART spatially dis-
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rupts autophagy, as AVs were clustered to perinuclear
regions.

To confirm the inhibitory effect of ART on autophagy,
Western blot analysis was performed to detect changes in
abundance of cytosolic LC3B-I (~18 kDa) and autophago-
somal LC3B-II (~16 kDa). Cells were treated for 18 h fol-
lowed by the addition of BAF for 3 h to block LC3B-II degrada-
tion (Fig. 3B). Under KHS conditions, low levels of steady-state
LC3B-I and LC3B-II were detected. In response to BAF both
LC3B-I and LC3B-II increased, indicating the level of active
flux during nutrient deprivation. TNF treatment resulted in
higher levels of steady-state LC3B-I and LC3B-II, with cumu-
lative levels similar to KHS, indicating a reduction to both
LC3B-I to II conversion and a block in LC3B-II degradation.
Similarly, steady-state LC3B-I1I levels were increased in re-
sponse to ART 10 ug/ml and were more pronounced in re-
sponse to ART 20 ug/ml compared with KHS, indicating that
ART reduced autophagic flux in a concentration-dependent
manner. As observed in imaging experiments, DFO reversed
the block to autophagic flux, thus implicating lysosomal iron
as a causative factor.

ART Disruption of Endolysosomal Trafficking Is Dependent
on Lysosomal Iron—The above results suggested a disruption
to the endolysosomal system, which operates in parallel and
in conjunction with autophagy (41). Rab proteins, a family of
small GTPases, control endosome trafficking, interactions,
and function (42). We therefore determined the intracellular
distribution of Rab5, a GTPase recruited to the early endo-
some and critical component of endocytosis (43), and Rab7,
which is acquired in late endosomes and controls the fusion
of autophagosomes and endosomes with the lysosome (30).

In MCE-7 cells stably expressing either mCherry-Rab5 or
GFP-Rab7 we determined the impact of ART at 24 h of treat-
ment (Fig. 4). Under FM conditions both Rab5- and Rab7-
labeled vesicles were dispersed throughout the cytosol, and
under KHS conditions the number and size of labeled vesicles
increased while their distribution remained unchanged. TNEF-
treated cells showed no difference in either mCherry-Rab5 or
GFP-Rab7 distribution compared with the KHS condition. In
contrast, in a dose-dependent manner, ART 10 ug/ml and
ART 20 pg/ml treatment resulted in the asymmetric cluster-
ing of the majority of both early and late endosomes to the
perinuclear region. DFO blocked ART-induced clustering of
Rab5- and Rab7-labeled vesicles, similar to the blocking effect
of DFO on ART-induced clustering of mCherry-LC3-labeled
AVs (Fig. 3A).

ART Does Not Impact Total Cellular Lysosomal pH and
Cathepsin B Activity—W e subsequently determined whether
vesicular clustering correlated with perturbed lysosomal func-
tion. LysoTracker Red (LTR), which labels acidic compart-
ments in live cells, was used to assess activity of the
V-ATPase, which acidifies the lysosomal lumen to maintain
full activity of cathepsin proteases (40). To compare the lyso-
somal effects of ART with reported initiators of lysosomal
dysfunction, we employed the V-ATPase inhibitor BAF (0.1
M) and the lysosomotropic compound chloroquine (CQ; 30
uM) (Fig. 5C). Experiments were performed in wild-type
MCE-7 cells at 24 h of treatment. Under FM conditions, cells
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FIGURE 4. ART induces perinuclear clustering of early endosomes, late
endosomes, and lysosomes. A, at 24 h of indicated drug treatments, abun-
dance and intracellular distribution of early endosomes were investigated
in MCF-7 cells stably expressing mCherry-Rab5. B, abundance and intracel-
lular distribution of late endosomes and lysosomes were investigated in
MCF-7 cells stably expressing GFP-Rab7 at 24 h of indicated drug
treatments.

displayed numerous small LTR-positive vesicles (Fig. 5A4).
Under KHS conditions, LTR-labeled vesicles increased in size,
number, and LTR intensity. Inhibition of lysosomal activity
using BAF resulted in complete absence of LTR labeling. CQ
resulted in enhanced vesicle size and LTR intensity, consis-
tent with previously reported CQ-induced increase in lysoso-
mal activities (44, 45). TNF-treated cells showed no difference
in LTR signal compared with the KHS control. ART, at both
10 and 20 pg/ml, resulted in an LTR signal detectable only in
perinuclear clusters. Treatment with DFO (0.1 mm) alone had
no impact on LTR staining (Fig. 5C). In combination with
ART (10 and 20 pg/ml), DFO blocked the clustering of LTR-
positive vesicles, and the number and cytosolic localization of
LTR-positive vesicles were comparable to those of the KHS
control.

As a second parameter of lysosomal function, we examined
the activity of the prominent lysosomal protease cathepsin B
using MR. MCF-7 cells stably expressing GFP-Rab7 were sub-
jected to 24 h of drug treatments. Similar to LTR, cells kept in
FM displayed numerous small MR-positive vesicles, which
co-localized fully with GFP-Rab7 (results not shown). Under
KHS conditions, the number and size of MR- and GFP-Rab7-
positive vesicles increased (Fig. 5B). Treatment with BAF (0.1
uM) resulted in reduced MR fluorescence, and similar to LTR
results, CQ (30 um) enhanced the size and labeling by MR
(Fig. 5C). Incubation with ART (10 and 20 ng/ml) resulted in
MR/Rab7-GFP-positive vesicles clustering to the perinuclear
region (Fig. 5B). DFO alone had no effect, but in combination
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with ART (as opposed to ART alone), the number and cytoso-
lic localization were comparable with those of the KHS con-
trol. Flow cytometry was performed to quantify the effects of
ART on pH and cathepsin activity. Consistent with imaging
results, BAF reduced and CQ increased the mean fluores-
cence levels of LTR and MR. ART had no significant impact
on the mean fluorescence levels of LTR and MR, indicating
that although ART altered the localization of endolysosomes,
the acidity state and protease activity were not impacted

(Fig. 5D).

ART Signaling Requires an Initially Functional Lysosomal
Compartment

The above results indicate that ART induces functional (i.e.
ROS generation) and spatial (i.e. clustering) alterations to the
endolysosomal compartment. As such, we determined
whether additional targeting of lysosomes by combinatorial
treatment of ART with lysosomal inhibitors would augment
ART-induced PCD. TNF was included as a reference, as it did
not impact the measured parameters of endolysosomal activ-
ity or trafficking during PCD signaling (Fig. 5). Wild-type
MCE-7 cells were treated with either 20 ug/ml ART or TNF
alone or in combination with BAF or CQ for 18 h. Both BAF
and CQ significantly decreased ART-induced ROS levels (Fig.
6A), yet neither had a significant impact on ROS production
when combined with TNF. At 18 h of treatment, both BAF
and CQ co-treatments reduced ART-induced PCD while sig-
nificantly increasing cell death in combination with TNF (Fig.
6B). ART-induced levels of cell death were most potently re-
duced by BAF, which reduced cell death to levels comparable
with treatment with BAF alone. Together, these data suggest
that ART-mediated PCD signaling requires the initial partici-
pation of functional lysosomes.

ART Activates Lysosomal Iron-dependent MOMP

Lysosomal dysfunction can activate mitochondrial apopto-
sis (45, 46), and previous work determined that ART activates
cell death via mitochondrial apoptosis (35). To investigate the
relationship between ART-activated lysosomal dysfunction
and apoptosis, multiple parameters of mitochondrial dysfunc-
tion were determined.

ART Triggers Lysosomal Iron-dependent Mitochondrial
Fragmentation—Under normal conditions mitochondria exist
as a dynamic network that is controlled by a balance between
mitochondrial fission and fusion events (47). During mito-
chondrial apoptosis, the machinery controlling fragmentation
participates in MOMP (29). To assess the participation of mi-
tochondria in ART-triggered cell death in MCF-7 breast can-
cer cells, mitochondrial morphology was determined in
MCE-7 cells stably expressing a GFP tag at the outer mito-
chondrial membrane (28).

At 24 h, under FM and KHS conditions, mitochondria were
distributed throughout the cell and exhibited a highly net-
worked morphology (Fig. 7A). DFO-treated cells displayed a
phenotype similar to control cells. In ART-treated cells (10
and 20 pg/ml), mitochondria were also distributed through-
out the cell, but mitochondrial networks were fully frag-
mented. Remarkably, cells treated with ART (10 and 20 ug/
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FIGURE 5. ART disrupts localization of endolysosomes but not apparent function of critical lysosomal parameters. A, wild-type MCF-7 cells were sub-
jected to the indicated experimental conditions for 24 h and then labeled with the lysosomal pH indicator LTR (5 nm) and analyzed by fluorescence micros-
copy. B, MCF-7 cells stably expressing GFP-Rab7 were incubated with MR cathepsin B substrate (2.2 um) following 24 h of drug treatments. Both GFP-Rab7
and MR were analyzed by fluorescence microscopy. C, Rab7, LTR, and MR staining and intensity patterns were analyzed in MCF-7 wild-type cells (LTR) and
cells stably expressing GFP-Rab7 (Rab7 and MR) following 3 h of treatment. D, flow cytometry was used to quantify population level responses. The mean
fluorescence intensity of lysosomal LTR (0.1 um) and MR (2.2 um) was determined. Graphs indicate responses as the percentage of dye fluorescence normal-
ized to KHS, and the x axis crosses at 100% (*, p < 0.05; #, p < 0.001, compared with KHS).

ml) in the presence of DFO displayed the highly networked
mitochondrial phenotype of control cells. In TNF-treated
cells, mitochondria were localized to the perinuclear region
and exhibited a fragmented and swollen phenotype. DFO had
no inhibitory effect on TNF-induced mitochondrial fragmen-
tation or swelling.

ART Triggers Iron-dependent Bax Clustering—In response
to apoptotic stimuli, Bax, a multidomain pro-apoptotic mem-
ber of the Bcl-2 family, translocates from the cytosol to the
mitochondria where it induces MOMP (29). Upon activation

6594  JOURNAL OF BIOLOGICAL CHEMISTRY

at the mitochondria, Bax forms high molecular weight ag-
gregates at mitochondrial fission sites, considered the key
event for cytochrome c release (29). At 24 h, under KHS
conditions, GFP-Bax was distributed homogeneously in the
majority of control cells (Fig. 7, Bi and Bii). In response to
TNF, the majority of cells displayed clustered (i.e. active)
GFP-Bax. ART induced a dose-dependent increase in GFP-
Bax clustering that was significantly reduced by DFO. No-
tably, DFO had no protective effect on GFP-Bax clustering
in TNF-treated cells.
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FIGURE 6. ART-induced PCD is dependent on lysosomal function. Co-
treatments with lysosomal perturbators BAF (0.1 um) and CQ (30 wm) and
either ART or TNF were performed in wild-type MCF-7 cells A, ROS genera-
tion was determined at 18 h using H,DCF- DA (10 um). B, cell death was
measured at 18 h using YO-PRO-1 (0.1 um) Graphs indicate responses as the
percentage of dye fluorescence normalized to KHS, and the x axis crosses at
100%, i.e. basal KHS levels (¥, p < 0.05; #, p < 0.001, without versus with co-
treatments).

Cytochrome ¢ Release by ART Is Iron-dependent—The re-
lease of cytochrome ¢ was determined at 48 h by high-resolu-
tion imaging of cytochrome ¢ and COX IV immunostaining in
wild-type MCEF-7 cells (Fig. 8C). Treatment with TNF served
as a positive control for the activation of cytochrome c re-
lease. In ART-treated cells the percentage of cells displaying
cytochrome c release was significantly increased compared
with the control. DFO in combination with ART reduced cy-
tochrome c release to levels comparable with that in DFO
alone, significantly so in ART 20 ug/ml-treated cells. In con-
trast, DFO slightly enhanced TNF-induced cytochrome c re-
lease, consistent with cell death measurements (Fig. 2B).

Together, these data evidence a signaling pathway whereby
iron-dependent lysosomal dysfunction induces classical pa-
rameters of mitochondrial apoptosis, including mitochondrial
fragmentation, Bax activation, and cytochrome c release dur-
ing ART-triggered cell death.

BH3-only Protein Bid and Cathepsins D, B, and L Do Not
Participate in the Lysosome-to-Mitochondria Transmission of
ART Death Signaling

Lysosomes can trigger mitochondrial apoptosis via cathep-
sin-mediated Bid cleavage (23, 48). To detect Bid cleavage we
employed a derivative of an established fluorescent protein-
based Bid biosensor (49), here with an N terminus mCherry
and C terminus GFP tags (mCherry-Bid-GFP). Bid cleavage to
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active tBid was determined by Western blotting in MCE-7
cells stably expressing mCherry-Bid-GFP. Under control KHS
conditions, the Bid sensor was detected as a triplet band at
around the predicted size of 76 kDa. The multiple band mi-
gration pattern was also detected when expressing the
mCherry-GFP fusion protein and was therefore due to the
presence of mCherry (results not shown).

In response to TNF, a single major cleavage product at 42
kDa was detected by GFP antibodies corresponding to tBid-
GFP (predicted 42.5 kDa), and the appearance of tBid-GFP
coincided with loss of endogenous Bid. At 24 h no Bid cleav-
age occurred in response to ART at either 10 or 20 pug/ml.
Interestingly, co-treatment with ART resulted in enhanced
TNF-induced cleavage of Bid sensor and clearance of endoge-
nous Bid (Fig. 84, left). To identify the protease responsible
for Bid cleavage during combined TNF/ART treatment (e.g.
caspase, calpain, or cathepsin), a D60A substitution was in-
serted at the major caspases 8 and 2 cleavage sites (50), re-
ferred to here as BidA60 sensor. As such, BidA60 sensor can-
not be cleaved by caspases 8 and 2 but can still be cleaved by
cathepsin and calpain proteases (51). As expected, no cleavage
of BidA60 sensor was detected in response to TNF or ART
treatment alone, and endogenous Bid clearance was similar to
that detected in wild-type Bid sensor cells. Likewise, no cleav-
age was detected with TNF and either ART 10 ug/ml or ART
20 pg/ml co-treatments (Fig. 84, right).

We then addressed the participation of cathepsins by meas-
uring ART-induced cell death in the presence of the specific
cathepsin D inhibitor, pepstatin A (PepA; 5 ug/ml) and the
cathepsin B/L inhibitor EST (10 ug/ml) (Fig. 8B). PepA/EST
enhanced both TNF killing and ART-induced cell death, indi-
cating that cathepsins are not initiators of MOMP.

ART Specifically Triggers Lysosomal Iron-dependent PCD Also
in Caspase 3-positive Breast Cancer Cells but Not in Non-
transformed Breast Epithelial Cells

To investigate the significance of the lysosomal PCD path-
way described above, we determined the effects of ART in
T47D breast cancer cells, which like MCEF-7 cells are estrogen
receptor-positive, and MDA-MB-231 breast cancer cells,
which are estrogen receptor-negative (52). In addition, MCF-
10A breast epithelial cells, which are immortalized but non-
transformed, were utilized as a non-cancer cell type. Impor-
tantly, unlike MCE-7 cells, all additional cell lines express
caspase 3 (53).

At 48 h of treatment, cell death was determined (Fig. 9A4i).
In T47D cells, TNF had no impact and ART was slightly toxic
only at 20 ug/ml. HTF alone had no impact on cell viability,
but HTF in combination with ART (10 and 20 pg/ml) re-
sulted in significant, ART dose-dependent killing. Impor-
tantly, this effect was blocked by the addition of either DFO
or TX. In MDA-MB-231 cells TNF slightly but insignificantly
enhanced cell death. ART (10 and 20 ug/ml) treatment alone
resulted in significant, dose-dependent killing. Similar to
T47D cells, HTF co-treatment significantly enhanced ART-
induced cell killing. Also in MDA-MB-231 cells, HTF-en-
hanced ART-mediated cell death was blocked by DFO and
TX.
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FIGURE 8. ART alone does not cause Bid cleavage but can amplify TNF-induced Bid cleavage. A, Western blot detection of Bid activity in response to
ART is shown. Stable cell lines expressing either a wild-type Bid sensor (mCherry-Bid-GFP) or a caspase 8-insensitive BidA60 sensor were treated with TNF,
ART, or combined TNF/ART. tBid-GFP was detected using antibody against GFP. Endogenous Bid was detected using antibody against Bid. B, wild-type
MCEF-7 cells were subjected to 48 h of treatment with or without cathepsin inhibitors PepA (5 ug/ml) and EST (10 wg/ml). Graphs indicate responses as the
percentage of dye fluorescence normalized to KHS, and the x axis crosses at 100%, i.e. basal KHS levels (*, p < 0.05, compared with KHS control; $, p < 0.05,
with PepA/EST versus without PepA/EST).

In non-tumorigenic MCEF-10A cells, none of the treatments
induced appreciable cell death. As a positive control for cell
death, MCF-10A cells were treated with TNF combined with

pronounced in cells co-treated with ART and HTF and was
reversible by DFO. In both T47D and MDA-MB-231 cells,
mitochondrial networks fragmented in a lysosomal iron-de-

MG132 (10 um) to block TNF pro-survival signaling (54),
which resulted in significant cell death (Fig. 9Aii).

Next, we investigated the impact of ART on lysosomal lo-
calization and mitochondrial fragmentation (Fig. 9B), both
characteristic parameters of the PCD pathway described
above. Similar to MCEF-7 cells, in T47D and MDA-MB-231
cells ART induced clustering of Lamp2a-stained lysosomes to
perinuclear regions (data not shown). This effect was more

pendent manner and mitochondria remained unclustered. In
contrast, lysosomal distribution and mitochondrial morphol-
ogy remained unaltered in MCF-10A cells treated either with
ART alone or in combination with HTF.

DISCUSSION

Our results demonstrate that in breast cancer cells ART
exerts multifarious effects on protein, second messengers, and

FIGURE 7. ART activates mitochondrial apoptosis that is dependent on lysosomal iron. A, the impact of ART on mitochondrial morphology was investi-
gated in MCF-7 cells stably expressing the outer mitochondrial membrane GFP marker at 24 h of drug treatment. B, MCF-7 cells stably expressing GFP-Bax
were incubated in either KHS alone or in combination with the indicated drugs for 24 h. Bi, shown are representative maximum Z-projections. Bii, quantifi-
cation was performed by classifying GFP-Bax cells as displaying either diffuse cytosolic or clustered mitochondrial GFP-Bax. Represented is the percentage
of cells with punctate GFP-Bax distribution (¥, p < 0.05, compared with KHS; $, p < 0.05, without DFO versus with DFO). C, cytochrome c release was quanti-
fied in wild-type MCF-7 cells by classifying mitochondrial cytochrome ¢, i.e. colocalized cytochrome c and COX IV, or released cytochrome ¢, i.e. little or no
colocalization of cytochrome ¢ with COX IV. Represented is the percentage of cells with released cytochrome c per total cells scored (¥, p < 0.05; #, p <
0.001, compared with KHS; $, p < 0.05, without DFO versus with DFO).
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FIGURE 9. T47D and MDA-MB-231 but not MCF-10A cells undergo lysosomal PCD upon ART treatment. Aj, T47D, MDA-MB-231, and MCF-10A cells
were treated for 48 h with 10 or 20 wg/ml ART in KHS in combination with the indicated co-treatments. The KHS data set contains single treatments with
TX, DFO, or HTF. In ART10 and ART20 data sets, TX and DFO were added in co-treatment with HTF, as ART10 and ART20 alone had a minor effect on cell
death. Cell death was measured using Pl staining. Represented is the percentage of dye fluorescence normalized to KHS, and the x axis crosses at 100% (ba-
sal KHS levels) (¥, p < 0.05; #, p < 0.001, compared with KHS control; & p < 0.05; $, p < 0.001, ART + HTF without versus with co-treatment with DFO or TX.
Aii, as a positive control for death induction, MCF-10A cells were treated with KHS with and without TNF in combination with 10 um MG132 for 24 h. Cell
death was determined as in Ai (*, p < 0.05, compared with KHS). B, T47D, MDA-MB-231, and MCF-10A cells were treated with the indicated drug combina-
tions. At 24 h cells were fixed and immunostained for COX IV and Lamp2a to assess the intracellular localization of mitochondria (green) and lysosomes

(red), respectively. Nuclei were stained with Hoechst 33342 (blue).

organelles involved in PCD signaling. Lysosomes were identi-
fied as the primary target of ART, being converted to pro-
death organelles through iron-catalyzed generation of ROS.
Downstream of lysosomal ROS production, mitochondrial
apoptotic cell death was activated. Additionally, ART globally
disrupted the endolysosomal trafficking and inhibited auto-
phagic flux.

Lysosomes and Mitochondrial Apoptosis—TNF was utilized
here as an established initiator of mitochondrial apoptosis
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(50) and, presumably, lysosomal dysfunction through cera-
mide production and cathepsin release (46, 55, 56). TNF acti-
vated mitochondrial apoptosis, evidenced by prominent mito-
chondrial fragmentation, Bax activation, and cytochrome c
release concomitant with death. Although no impact was de-
tected on functional parameters or localization of the endoly-
sosomal pathway, the suppressive effect of TNF on autoph-
agy, i.e. increased steady-state levels of LC3B-I and LC3-II,
indicates uncoupling of lysosomes from autophagosomes.
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ART killing mechanisms differed significantly from TNF
signaling. ROS were determined as causative in ART-trig-
gered cell death (Fig. 1B) in agreement with previous findings
(10, 12). Here, we identified lysosomal iron as the lethal
source of ART-generated ROS; the lysosomal iron chelator
DFO blocked both ROS production (Fig. 24) and disruption
to endolysosomal trafficking (Figs. 5 and 9B), inhibited several
parameters associated with MOMP (Figs. 7 and 9B), and pro-
tected against ART-induced cell death (Figs. 2B and 9A.).
Conversely, enhancing free lysosomal iron by the addition of
HTF enhanced ART killing in a cell line-dependent manner
(Figs. 2C and 9Ai). Thus, although basal lysosomal iron con-
tent in both estrogen receptor-positive and -negative breast
cancer cells is sufficient to enable ART toxicity, it represents a
targetable limiting factor in ART killing potential in cancer
cells. Indeed, iron supplementation enhanced ART killing in
different cancer cells (14, 57), and ART toxicity is positively
correlated with expression of proteins involved in iron metab-
olism (58).

These findings may offer insight into the high killing speci-
ficity of ART in cancer cells (59). Notably, we show that non-
transformed MCF-10A cells were highly resistant to ART and
ART/HTF. Because of an iron dependence for enhanced pro-
liferation (60), lysosomes of cancer cells contain higher levels
of redox active iron and consequently may be more suscepti-
ble to ROS-mediated membrane destabilization (61).

Lysosomal membrane permeabilization-triggered mito-
chondrial apoptosis (45, 46, 48, 62) requires cytosolic release
of cathepsins to activate MOMP (46, 63). Here, however, lyso-
somal inhibitors enhanced TNF killing (Fig. 8B), suggesting a
signal attenuation role for the lysosome in death receptor sig-
naling analogous to lysosomal control of EGF receptor activ-
ity (64) and indicating that in MCF-7 cells, under the condi-
tions used here, lysosomal membrane permeabilization was
not a component of TNF receptor signaling. Importantly, as
TNEF is a potent endogenous cytokine present in the tumor
environment and ART amplified the activation of pro-apop-
totic Bid by TNF, our data suggest a potential of ART to am-
plify the innate cell killing potential. Through the use of a Bid
mutant for the major caspase 8 cleavage site, we implicate
either caspase 2 and/or caspase 8, which cleave at Asp-60
(50), as the major proteolytic pathway amplified by ART. As
cathepsin inhibitors did not protect against cell death (Fig. 8)
and ART alone did not activate Bid cleavage, ART-induced
lysosomal death signaling is mechanistically distinct from pre-
vious reports of lysosome-to-mitochondria apoptotic signal-
ing. Moreover, different modes of lysosomal functional dis-
ruption via co-treatment with CQ, which enhanced lysosomal
pH and cathepsin activity (Fig. 5C), or BAF, which decreased
lysosomal pH and cathepsin activity, resulted in a reduction of
ART-induced cell death, indicating that a functional lyso-
somal compartment is required for ART killing. These find-
ings are relevant when considering co-treatment strategies, as
one might assume that additional targeting of lysosomes
would enhance ART-induced PCD.

Notably, ART induced iron-dependent vesicle clustering to
the perinuclear region. In MCF-7 cells, autophagosomes
(LC3B-positive) and early (Rab5-positive) and late (Rab7-pos-
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itive) endosomes were all found in perinuclear clusters (Figs.
3A and 4). The same effect was observed for lyosomes
(Lamp2a-positive) in T47D and MDA-MB-231 cells (Fig. 9B).
Remarkably, non-transformed MCF-10A cells, which were
resistant to ART-induced cell death, did not show clustering
of Lamp2a-positive lysosomes (Fig. 9B). The clustering effect
was specific, as mitochondria that had fragmented in response
to ART were symmetrically dispersed (Figs. 74 and 9B). As
indicated by LTR and MR staining, clustered lysosomes re-
tained activity (Fig. 5B), and as microtubules remained stabi-
lized (results not shown), we hypothesized that ART-induced
oxidative stress targets motor proteins and/or adaptors that
link autophagosomal, lysosomal, and endocytic vesicles to the
cytoskeleton (65, 66).

Clustering of the autophagosomal and endolysosomal com-
partments may broadly impact cell physiology. Strikingly,
ART was found to disrupt autophagic flux (Fig. 4), i.e. ART
treatment resulted in the accumulation of steady-state AVs,
whereas total AV formation (seen as cumulative AVs under
BAF co-treatment) remained unaltered. Thus, although AVs
and lysosomes were clustered in the same perinuclear region,
ART blocked AV degradation, presumably because of either
impaired fusion with lysosomes and/or reduced lysosomal
degradative activity. It is conceivable that the ART-induced
disruption to autophagy counteracts pro-survival roles of au-
tophagy such as the recycling of macromolecules. Further-
more, as scavenging of pro-apoptotic mitochondria is cyto-
protective (34), the spatial uncoupling of autophagy and
mitochondria may play a role in ART toxicity. Moreover,
cathepsins released from cancer cells participate in the degra-
dation of the extracellular matrix to promote tumor cell mi-
gration and angiogenesis (67). Clustering of lysosomes can
limit invasiveness (68) and may be a possible mechanism by
which ART reduces cell migration and invasion (69). Simi-
larly, clustering of Rab5-labeled vesicles, which participate in
both autophagy (70) and endocytosis (70), may alter the endo-
cytotic capacity of the cell. Such decoupling among receptor
internalization, trafficking, and degradation may contribute to
ART amplification of caspase activation by TNF, a relevant
cytokine in the tumor microenvironment.

Relevance of Artemisinin and Its Derivatives—ART and its
derivatives induce PCD in cancer cell culture systems, includ-
ing colon, breast, ovarian, prostate (59), pancreatic (71), and
leukemia (12) cell lines. I vivo, artemisinin and its derivatives
have shown promising anti-tumor effects against Kaposi sar-
coma (7), pancreatic cancer (5), and hepatomas (6) in mouse
xenograft models. Importantly, the pharmacokinetics and
tolerance of ART as an anti-malarial agent are well docu-
mented (72), and it is currently in clinical trial as a treatment
against breast cancer (ClinicalTrials.gov ID: NCT00764036).
To date, the focus has been on its activation of ROS-mediated
induction of mitochondrial apoptosis and inhibition of pro-
survival signaling, including NF«B and receptor tyrosine ki-
nase pathways (73, 74), and DNA damage (75). Lysosomes
provide a cancer-enriched target that activates alternative
modes of PCD (76). Lysosomotropic agents such as chloro-
quine can be used as selective killing tools against cancer cells
both in cell culture (45) and in vivo (77). Our work identifies
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ART as a novel tool to specifically induce lysosomal PCD in
breast cancer cells while having little effect on non-trans-
formed breast epithelial cells. ART-induced lysosomal PCD
involves disrupted endolysosomal trafficking, blocked autoph-
agy, and enhanced ROS production upstream of mitochon-
drial apoptosis. In vivo experiments will now be required to
determine to what extent iron supplementation is an effective
means of enhancing the specificity of ART action in cancer
cells and whether ART can enhance the endogenous innate
immune response, e.g. TNF-mediated mitochondrial apopto-
sis, as well as separate reported anti-angiogenic, signaling, and
apoptotic effects from non-canonical PCD.
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