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Abstract In the present study, we investigated the an-
ticancer activity of Pinus radiata bark extract (PRE)
against MCF-7 human breast cancer cells. First, we
observed that PRE induces potent cytotoxic effects in
MCF-7 cells. The cell death had features of cytoplasmic
vacuolation, plasma membrane permeabilization, chro-
matin condensation, phosphatidylserine externalization,
absence of executioner caspase activation, insensitivity
to z-VAD-fmk (caspase inhibitor), increased accumula-
tion of autophagic markers, and lysosomal membrane
permeabilization (LMP). Both the inhibition of early
stage autophagy flux and lysosomal cathepsins did not
improve cell viability. The antioxidant, n-acetylcysteine,
and the iron chelator, deferoxamine, failed to restore the
lysosomal integrity indicating that PRE-induced LMP is
independent of oxidative stress. This was corroborated
with the absence of enhanced ROS production in PRE-
treated cells. Chelation of both intracellular calcium and
zinc promotes PRE-induced LMP. Geranylgeranylacetone,
an inducer of Hsp70 expression, also had no signif-
icant protective effect on PRE-induced LMP.

Moreover, we found that PRE induces endoplasmic
reticulum (ER) stress and mitochondrial membrane
depolarization in MCF-7 cells. The ER stress inhib-
itor, 4-PBA, did not restore the mitochondrial mem-
brane integrity, whereas cathepsin inhibitors demon-
strated significant protective effects. Collectively, our
results suggest that PRE induces an autophagic
block, LMP, ER stress, and mitochondrial dysfunc-
tion in MCF-7 cells. However, further studies are
clearly warranted to explore the exact mechanism
behind the anticancer activity of PRE in MCF-7
human breast cancer cells.
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Introduction

Despite the fact that surgery is usually the first line of
attack against breast cancer, tumor recurrence is the
most common risk even after successful surgical resec-
tion of the primary tumor (Howell 2004). In such case,
the best option for breast cancer treatment is the use of
chemotherapies.

Studies have clearly demonstrated that cancer cells are
more significantly dependent on autophagy for survival
than noncancerous cells (Apel et al. 2008; Livesey et al.
2009). Autophagy is a self-protective mechanism that
functions to maintain cellular homeostasis during brief
periods of starvation and in the presence of various
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metabolically stressful stimuli (Heymann 2006).
Numerous studies have shown that the pharmacological
or genetic inhibition of the autophagic process could
significantly reduce the growth and viability of cancer
cells (Racoma et al. 2013). On the other hand, prolonged,
increased activation of the autophagic process has also
been reported to induce cancer cell death; excessive au-
tophagy leads to the destruction of functional proteins and
other important signaling molecules, which eventually
causes cellular damage and death (Amelio et al. 2011).
Hence, either the inhibition or the activation of autophagy
might be a promising strategy for cancer treatment.

Lysosomes are the major intracellular digestive com-
partment involved in many cellular processes including
autophagy. During autophagy, cellular components such
as damaged proteins and organelles are transported to
lysosomes for degradation and recycling of molecules
for anabolic processes. Therefore, lysosomes are con-
sidered a crucial regulator of cellular homeostasis
(Appelqvist et al. 2013). It is believed that lysosomes
in cancer cells are more susceptible to lysosomal mem-
brane permeabilization (LMP) inducers as they are larg-
er in size compared to normal cells (Boya and Kroemer
2008). Following LMP, lysosomal enzymes are released
into the cytoplasm and induce cell death either via
mitochondrial dependent or independent pathways.
Lysosomotropic agents are weak bases that diffuse
across membranes and become trapped within the acidic
lysosomes after protonation and cause lysosomal mem-
brane damage owing to their detergent-like properties
(Aits and Jäättelä 2013). The in vivo study in mouse
models of fibrosarcoma and breast cancer clearly dem-
onstrated the antitumorigenic activity of the
lysosomotropic agent, siramesine (Ostenfeld et al.
2005). Further, the naturally occurring polyphenolic
compounds like pterostilbene and the well-known anti-
cancer alkaloids such as vincristine, vinblastine, and
paclitaxel have also been reported to induce cell death
via LMP (Mena et al. 2012; Boya and Kroemer 2008).

Perturbation of ER homoeostasis due to the accumula-
tion of misfolded and/or unfolded proteins in the ER
lumen, as a result of disturbed calcium homoeostasis and
redox status, leads to the activation of an evolutionarily
conserved cellular response known as unfolded protein
response (UPR) or ER stress response. Usually, the prima-
ry biological goal of the UPR is to re-establish the normal
function of the ER. However, persistent ER stress and
UPR activation can switch the cytoprotective functions
of UPR into toxic responses (Sano and Reed 2013).

Cancer cells are known to have higher levels of ER stress
than normal cells due to their altered metabolic rates
(Yadav et al. 2014). Therefore, promotion of this already
engaged ER stress in cancer cells is considered an alterna-
tive approach for cancer treatment. In the recent past, many
natural compounds with the ability to induce ER stress
have been identified and transformed to clinical trials in
order to treat various cancer types (Trondl et al. 2014).

As a large group of bioactive substances, phenolic
compounds have the ability to target cancer cells by
various mechanisms (Chen et al. 2014; Hasima and
Ozpolat 2014; Suganuma et al. 2006; Weng and Yen
2012). Here we report that PRE, the polyphenolic-rich,
bioactive, ethanolic subfraction of Pinus radiata bark
extract, induces caspase-independent, apoptosis-like
cell death in MCF-7 human breast cancer cells with
the involvement of an autophagic block, LMP, ER
stress, and mitochondrial dysfunction.

Materials and methods

Reagents and antibodies

The autophagic inhibitors 3-methyladenine (3-MA) and
bafilomycin A1 (BafA1) were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA), respectively.
The broad spectrum caspase inhibitor z-VAD-fmk was
from Calbiochem. The cathepsin inhibitors CA-074Me
and pepstatin-A, n-acetylcysteine (NAC), deferoxamine
mesylate (DFO), geranylgeranylacetone (GGA),
staurosporine, Hoechst 33342, propidium iodide (PI),
N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN), 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-
tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-
AM), H2DCF-DA, and the antibody for LC3 were pro-
cured from Sigma-Aldrich (St. Louis, MO, USA). The
antibodies for GRP78, LAMP-1, cathepsin-D, GAPDH,
and HRP-conjugated secondary antibodies were from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).
Antibodies for IRE1α, phospho-eIF2α, CHOP, p62,
and caspase-7 were from Cell Signaling Technology
(Beverly, MA, USA).

Extraction and fractionation

Ten grams of P. radiata bark powder (1 mm pass) and
100 ml of deionized water were put into a 500-ml round
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bottom flask. The contents in the flask were heated on
PEG#400 bath preset to 110 °C for 1 h with occasional
shaking. Afterwards, the bark slurry was filtered using a
17G3 glass filter and the residue was washed with hot
water. The filtrate and washings were combined and the
volume was adjusted to 400 ml with deionized water.
We abbreviated this solution as HWE (hot water ex-
tract). HWE was passed through Diaion HP20 column
(3.2 × 21 cm) for 3 h and then the columnwas complete-
ly washed with deionized water. Next, the column was
maintained at 90 °C for the elution of adsorbed mole-
cules using water followed by 95 % ethanol. The
desorbed aqueous (P. radiata aqueous fraction, PRA)
and ethanolic (P. radiata ethanolic fraction, PRE) frac-
tions were concentrated and evaluated for their cytotox-
ic effects against MCF-7 human breast cancer cells. The
PRE demonstrated potent cytotoxic effects in MCF-7
human breast cancer cells. However, PRA did not influ-
ence the cancer cell viability, up to a concentration of
200 μg/ml (data not shown). Thus, we chose to study
PRE to further evaluate the anticancer activity of
P. radiata bark extract.

Cell line and culture conditions

The human breast cancer cell line, MCF-7, was pur-
chased from the Korean Cell Line Bank (KCLB), South
Korea. Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10 %
fetal bovine serum (FBS) and antibiotics. Cultures were
maintained at 37 °C in a humidified atmosphere with
5 % CO2. Cells were passaged twice per week to main-
tain logarithmic growth. Cells were plated and allowed
to adhere for 24 h. Then, cells were treated with extracts
in DMEM containing 1 % FBS with no antibiotics nor
phenol red.

Cell viability assay

The cytotoxic effect of PRE on breast cancer cells was
determined by the trypan blue dye exclusion method, as
described previously with some modifications. Briefly,
cells were seeded into six-well plates at a density of
2 × 105 cells per ml and maintained on media for 24 h.
Cells were then treated with desired concentrations of
PRE for 24 h. Afterwards, cells were trypsinized, and
the percentage of viable cell numbers was counted by
the trypan blue dye exclusion method using a hemocy-
tometer. The influence of various inhibitors on PRE-

induced cytotoxicity on breast cancer cells was also
determined by the same method.

Flow cytometric analysis

Annexin V-FITC/PI staining was used to assess apopto-
sis and necrosis in MCF-7 cells according to the manu-
facturer’s instructions. Briefly, cells were seeded into
six-well plates and treated with PRE for 24 h. Then,
cells were trypsinized, washedwith PBS, and suspended
in annexin binding buffer at a density of 1 × 106 cells per
ml. One hundred microliters of cell suspension from
each sample was aliquotted into sterile Eppendorf tubes,
to which 5 μl of annexin V-FITC antibody and 5 μl of
propidium iodide (BD Biosciences, San Jose, CA) were
added and incubated for 15 min at RT. Afterwards, for a
total volume of 500 μl, annexin binding buffer was
added. Then, they were analyzed using a flow
cytometer.

To assess the integrity of lysosomes, cells were har-
vested, stained with 100 nM of LysoTracker Green
DND-26 (Life Technologies), and then analyzed by
flow cytometry. The integrity of the ER and the mito-
chondrial membrane potential were also analyzed by
flow cytometry using ER-Tracker Blue-White DPX
dye (Life Technologies) and MitoTracker Red (Santa
Cruz Biotechnology, Inc.), respectively.

Phase-contrast and fluorescence microscopy

To examine the morphological changes, cells were treat-
ed with PRE for 24 to 48 h. After being rinsed with fresh
medium, the cells were visualized and imaged under a
phase-contrast microscope.

The effect of PRE on lysosomal membrane integrity
was analyzed by immunofluorescence staining of lyso-
somal protease, cathepsin-D. Briefly, cells were grown
on poly-l-lysine-coated glass coverslips placed in six-
well plates and treated with PRE for 24 h. Then, cells
were fixed using 4 % paraformaldehyde and perme-
abilized with 0.2 % Triton-X 100 in PBS for 10 min
followed by PBS washes. After blocking with PBS
containing 2 % BSA, cells were incubated with rabbit
anti-cathepsin-D antibody (SC-10725) in Tris-buffer sa-
line with 0.05 % Tween-20 (T-TBS) containing 2 %
BSA. Cells were incubated overnight at 4 °C. After T-
TBS washes, cells were incubated with Alexa Fluor
488-conjugated, goat anti-rabbit IgG for 1 h in the dark.
Nuclei were stained with DAPI and cells were washed
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with T-TBS. Coverslips were mounted using a drop of
mounting medium on the glass slides and sealed with
nail polish to prevent drying and movement under a
microscope. Cells were visualized and images were
captured under fluorescence microscopy.

Western blot analysis

Cells were initially seeded at a density of 2 × 105 cells
per ml in a 100-mm dish and grown in the medium for
24 h. Cells were then grouped and treated with PRE for
0–24 h. Afterwards, cells were lysed using a mammalian
cell lysis buffer (CelLytic™ M, Sigma-Aldrich) supple-
mented with protease and phosphatase inhibitors (Roche
Diagnostics). Lysates were clarified by centrifugation at
12,000 rpm for 15 min at 4 °C. For collection of the
cytosolic fraction, cells were suspended in the extraction
buffer consisting of 250 mM sucrose, 20 mM HEPES
pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA,
1 mM EGTA, and 250 μg/ml digitonin with protease
inhibitors (Roche). Samples were incubated on ice for
10 min, and vortexing was repeated and followed by
centrifugation at 13,000 rpm at 4 °C for 1.5 min. The
resultant supernatant was considered to be the cytosolic
fraction and used for quantification of cathepsin-D as
well as LAMP-1 for confirming the absence of lyso-
somes in the extracted cytosolic fraction. Protein con-
centration of the samples was determined using a BCA
protein assay kit according to the manufacturer’s instruc-
tions (Sigma-Aldrich), and samples were adjusted to
contain equal protein concentrations using the same lysis
buffer. Equal amounts of protein from each sample were
then subjected to electrophoresis and proteins were trans-
ferred to a membrane using the Trans-Blot Turbo system
(Bio-Rad). The membranes were blocked with 5 % milk
or BSA for 1 h at room temperature and incubated in the
primary antibody overnight with rocking at 4 °C.
Following three washes in TBS-T, the membranes were
incubated with the appropriate HRP-conjugated second-
ary antibody for 2 h at room temperature. Finally, the
membranes were washed three times with TBS-T and
examined by the chemiluminescence detection method.

Statistical analysis

Unless otherwise stated, data expressed as the mean
± SD from at least three independent experiments.
Data were analyzed using the SPSS 16.0 student soft-
ware (SPSS Inc, Chicago, IL). Statistical differences

between groups were assessed using the one-way anal-
ysis of variance (ANOVA) followed by post hoc testing
with a least significance difference test (P < 0.05).

Results

PRE induces cytoplasmic vacuolation-mediated cell
death in MCF-7 human breast cancer cells

The cytotoxic effect of PRE on MCF-7 cells was ana-
lyzed by a trypan blue dye exclusion assay. As shown in
Fig. 1a, PRE induces potent cytotoxic effects against
MCF-7 cells in a dose-dependent manner. The IC50

value of PRE for MCF-7 cells was 64.79 μg/ml. The
morphological changes in MCF-7 cells treated with
PRE (IC50) were observed under phase-contrast micros-
copy. PRE induces extensive cytoplasmic vacuolation in
MCF-7 breast cancer cells, and we further observed that
the progression of vacuolation was severe after 24 h
treatment (Fig. 1b). These findings indicate that PRE
induces cytoplasmic vacuolation-mediated cell death in
MCF-7 human breast cancer cells.

PRE induces caspase-independent, apoptotic-like cell
death in MCF-7 human breast cancer cells

Next, we set to determine the mode of cell death induced
by PRE in MCF-7 breast cancer cells. To accomplish
this, we first examined the plasma membrane integrity
and nuclear morphological changes with propidium io-
dide and Hoechst 33342 staining. As shown in Fig. 2a,
most of the cells in the PRE-treated group show con-
densed nuclei and loss of plasma membrane integrity.
Majority of those cells were also annexin V-FITC pos-
itive (Fig. 2b). Staurosporine, a representative apoptotic
inducer, activates caspase-7 in MCF-7 cells, whereas
PRE had no effect on the caspase cascade (Fig. 2c).
Furthermore, z-VAD-fmk, a broad spectrum caspase
inhibitor, failed to reverse PRE-induced cell death
(Fig. 2d), indicating PRE-induced MCF-7 breast cancer
cell death is independent of caspases.

PRE blocks autophagic flux in MCF-7 human breast
cancer cells

As cytoplasmic vacuolation is a common characteristic
in processes like autophagy, paraptosis, necroptosis, and
other cell death mechanisms (Wei et al. 2015), we first
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examined the effect of the autophagic inhibitor 3-MA on
PRE-induced cytoplasmic vacuolation. Autophagy, an
intracellular, self-degradative mechanism, begins
wi th the fo rmat ion of vacuo les known as
autophagosomes around the intracellular cargo.
Then, these autophagosomes fuse with lysosomes to
degrade and recycle the engulfed cargo. 3-MA can
block the formation of autophagic vacuoles via inhi-
bition of class III PI-3K, which is known to be
essential for induction of autophagy (Wu et al.
2010). As shown in Fig. 3a, 3-MA does not block
the vacuolation induced by PRE. Despite 3-MA fail-
ing to block the vacuolation of MCF-7 cells, the
accumulation of the autophagic marker protein,
microtubule-associated protein 1 light chain 3
(LC3), was increased upon treatment with PRE
(Fig. 3b). Furthermore, the levels of p62, a ubiquitin-
binding protein, were also concomitantly increased in
MCF-7 cells (Fig. 3b). During the autophagic process,
p62 is transported to autophagosomes by direct interac-
tion with LC3 and then degraded by lysosomal

proteases (Komatsu and Ichimura 2010). When the fu-
sion of autophagosomes with lysosomes is inhibited, the
levels of p62 remain high due to the increased accumu-
lation of autophagosomes (Bjørkøy et al. 2009). BafA1,
a specific inhibitor of the vacuolar type H(+)-ATPase
(V-ATPase), blocks the fusion of autophagosomes with
lysosomes, thereby increasing the accumulation of LC3
and p62 during autophagic flux (Klionsky et al. 2008).
As shown in Fig. 3c, BafA1 did not further increase the
levels of LC3 and p62 in PRE-treated cancer cells.
Moreover, the autophagic inhibitor 3-MA had no effect
on PRE-induced breast cancer cell death (Fig. 3d).
Taken together, the data revealed that the autophagic
blockade was not mainly associated with PRE-induced
MCF-7 breast cancer cell death.

PRE induces LMP in MCF-7 human breast cancer cells

Considering the close relationship between the autoph-
agic block and lysosomal dysfunction, we then tried to
determine the effect of PRE on lysosomal membrane

Fig. 1 Cytotoxic effect of PRE against MCF-7 human breast
cancer cells. a PRE induces loss of breast cancer cell viability.
MCF-7 cells were plated at a density of 2 × 105 cells per ml in six-
well plates. After 24 h, the medium was replaced with fresh
medium containing 1 % serum and the indicated concentration
of PRE. Cell viability was determined by trypan blue dye exclu-
sion method using a hemocytometer. Data are representative of

three independent experiments. b PRE induces cytoplasmic vacu-
olation in MCF-7 breast cancer cells. To assess the morphological
changes, cells were seeded into six-well plates and allowed to
adhere overnight. Afterwards, cells were treated with PRE
(65 μg/ml) for 24–48 h. Then cells were washed, visualized, and
imaged under a phase-contrast microscope (×200). *P < 0.05
compared to control group
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integrity. LysoTracker probes are fluorescent probes
generally used for tracking acidic organelles like lyso-
somes in live cells. These probes are freely permeable to
cell membranes and are typically concentrated in lyso-
somes. As shown in Fig. 4a, PRE-treated cells showed
decreased intensity of LysoTracker Green fluorescence
compared to vehicle-treated cells. Also, the cytosolic
level of lysosomal protease cathepsin-D was significant-
ly increased in MCF-7 cells treated with PRE
(Fig. 4b, c). These observations thus suggest that PRE
induces LMP, which then triggers the release of the
lysosomal contents into the cytosol. We next investi-
gated whether the loss of lysosomal membrane integ-
rity plays a causative role in PRE-induced breast

cancer cell death. For this, we determined the effect
of inhibitors against the most abundant lysosomal
proteases, cathepsin-B and cathepsin-D, which are
the major downstream regulators responsible for in-
duction of cell death following LMP. Unfortunately,
both cathepsin inhibitors did not significantly reverse
the PRE-induced MCF-7 breast cancer cell death
(Fig. 4d).

PRE-induced LMP occurs independent of oxidative
stress

Chronic oxidative stress is thought to contribute to the
induction of ER stress, LMP, and mitochondrial

Fig. 2 PRE induces caspase-independent apoptosis-like cell
death. a To examine the nuclear morphology and plasma mem-
brane integrity, cells were stained with Hoechst 33342 (5 μg/ml)
and PI (2 μg/ml). The cells stained with PI showed condensed
chromatin, a characteristic of apoptosis. b Further, to examine the
membrane phosphatidylserine externalization, cells were stained
with annexin V-FITC and PI dual staining and analyzed by flow
cytometry. The percentage of live, apoptotic, necrotic, and

secondary necrotic cells were presented as a graph. c Whole cell
lysates were subjected to examine the activation of caspase-7 by
immunoblotting. d Effect of z-VAD-fmk (caspase inhibitor) on
PRE-induced cell death. MCF-7 cells were pretreated with z-
VAD-fmk (50 μM) for 1 h followed by PRE for 24 h. The
percentage cell viability was determined by trypan blue dye exclu-
sion assay using a hemocytometer. Data are representative of three
independent experiments. *P< 0.05 compared to control group
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damage, which eventually lead to cell death (Filomeni
et al. 2015). Lysosomal membranes are particularly
more vulnerable to reactive oxygen species (ROS)-
mediated damage because of the lack of an intrinsic
antioxidant defense. When ROS production is in-
creased beyond the cellular antioxidant capacity, the
excess ROS, hydrogen peroxide in particular, dif-
fuses into the lysosomes, where it reacts with
redox-active iron, resulting in the production of hy-
droxyl radicals. These radicals are highly reactive

molecules that destabilize the lysosomal membrane
by causing lipid peroxidation as well as damaging
lysosomal membrane proteins (Terman et al. 2006).
Thus, either chelation of iron or scavenging of ROS
can improve lysosomal function (Boya and Kroemer
2008). The iron chelator, deferoxamine, and NAC, an
antioxidant, did not significantly inhibit the LMP
(Fig. 5a). This was substantiated with the absence
of increased ROS production in PRE-treated MCF-7
breast cancer cells (Fig. 5b).

Fig. 3 Effect of PRE on autophagic flux in breast cancer cells. a
The effect of the autophagic inhibitor 3-MA on PRE-induced
cytoplasmic vacuolation. Cells were treated with PRE after 1 h
pretreatment with 2 mM of 3-MA. Then, images were captured
under a phase-contrast microscope (×200). b Determination of the
expression of autophagic marker proteins. After 0–24 h treatment
with PRE, cells were lysed in CelLytic™ M buffer (Sigma Al-
drich) supplemented with protease inhibitor. Equal amounts of
proteins were subjected to SDS-PAGE and then immunoblotted
for LC3 and p62 proteins. c Effect of BafA1 on PRE-induced

accumulation of LC3II and p62. MCF-7 cells were pretreated with
BafA1 (100 nM) and then with or without PRE. After 24 h, whole
cell lysates were prepared and equal amounts of proteins were
electrophoresed and immunoblotted. Blots are representative of
three independent experiments. d The effect of the autophagic
inhibitor 3-MA on PRE-induced breast cancer cell death was
determined by trypan blue dye exclusion assay using a hemocy-
tometer. Data represent the mean of three independent experi-
ments. *P< 0.05 compared to control group
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Effect of BAPTA-AM (calcium chelator), TPEN (zinc
chelator), and geranylgeranylacetone (an inducer of heat
shock protein 70 (Hsp70) expression) on PRE-induced
LMP

Since dysregulation in calcium homeostasis affects the
integrity of various intracellular organelles, including
lysosomes, we investigated the influence of calcium

depletion on PRE-induced LMP. We pretreated cells
with BAPTA-AM for 1 h, then treated the cells with
PRE for 24 h, and then analyzed the integrity of the
lysosomes. As shown in Fig. 6a, PRE-induced LMP
was promoted by the removal of intracellular calcium
with BAPTA-AM.

Studies have also shown that intralysosomal accumu-
lation of zinc induces cathepsin-mediated, apoptotic-

Fig. 4 Effect of PRE on lysosomal membrane integrity in
breast cancer cells. a MCF-7 cells were plated at a density
of 2 × 105 cells per ml in six-well plates. After 24 h treat-
ment with or without PRE, cells were stained with
LysoTracker Green DND-26 (100 nM). Then, cells were
visualized under fluorescent microscopy and the intensity
of LysoTracker Green fluorescence was measured by a flow
cytometer. The percentage of decreased fluorescence is in-
dicated in the respective figures. b PRE induces cytosolic
distribution of cathepsin-D in MCF-7 cells. Cells were
seeded on poly-l-lysine-coated coverslips, and after 24 h,
cells were treated with PRE. Then, cells were fixed, perme-
abilized, and subjected to immunostaining of cathepsin-D
(green). The nuclei were stained with DAPI, and images

were captured under a florescent microscope (×200). c PRE
induces the leakage of cathepsins from the lysosome to the
cytosol. After 0–24 h treatment with PRE, the cytosolic
fractions and whole cell lysates were collected and
cathepsin-D was detected by western blotting. LAMP-1
was used as a marker for confirming the absence of lyso-
some contamination. d Effect of lysosomal protease inhib-
itors on PRE-induced cell death. MCF-7 cells were treated
with PRE after 1 h pretreatment with CA-074Me and
pepstatin-A (10 μM each) for 24 h. Then, cell viability
was determined by trypan blue dye exclusion assay. Data
are representative of three independent experiments.
*P < 0.05 compared to control group
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like cell death via disruption of lysosomal membrane
integrity. To investigate the relationship between intra-
cellular zinc and lysosomal membrane integrity, we exam-
ined the effect of a zinc chelator, TPEN, on LMP. Similar
to chelation of intracellular calcium, zinc chelation also
promotes PRE-induced LMP (Fig. 6a). In addition, Hsp70,
an evolutionarily highly conserved, molecular chaperone,
plays a vital role in the stabilization of lysosomal mem-
brane integrity. Studies have reported that pharmacological
induction ofHsp70 expression inhibits LMPvia improving
the lysosomal membrane integrity (LeGendre et al. 2015).
However, in our study, GGA, an inducer of Hsp70 expres-
sion, did not significantly restore the lysosomal membrane
integrity in PRE-treated MCF-7 cells (Fig. 6b).

PRE also induces ER stress in MCF-7 breast cancer
cells

Next, we found that PRE induces ER stress in MCF-7
cells. Generally, ER stress is resolved by the ER itself,
through a self-regulatory UPR mechanism. However,

this mechanism turns into a toxic signal when intense
stress persists over a long period of time. The increased
fluorescence intensity of ER-Tracker Blue-White DPX
dye and the expression of ER stress markers like
GRP78, IRE1α, phospho-eIF2α, and CHOP clearly
indicate the induction of ER stress in PRE-treated
MCF-7 breast cancer cells (Fig. 7a, b).

PRE induces mitochondrial dysfunction in association
with lysosomal cathepsins

Following LMP, the lysosomal cathepsins induce
apoptotic-like cell death via induction of mitochondrial
membrane depolarization. Thus, we first assessed the
integrity of the mitochondria using MitoTracker Red.
PRE treatment showed significant loss of mitochondrial
membrane integrity evidenced from the reduced
MitoTracker Red fluorescence intensity compared to
untreated control cells (Fig. 8a). The cathepsin inhibi-
tors, CA-074Me and pepstatin-A, demonstrated a sig-
nificant inhibitory effect on PRE-induced mitochondrial

Fig. 5 PRE induces ROS-independent LMP in breast cancer cells. a
The effect ofDFO (100μM)andNAC (5mM)onPRE-inducedLMP
was analyzed by flow cytometry, and then, cells were stained with
LysoTrackerGreenDND-26. The intensity of green fluorescence from
10,000 cells per samplewasmeasured. The percentage number of cells
with decreased fluorescence intensity is indicated in the respective

figures. b ROS determination. Cells were treated with PRE for 24 h
and then incubated with 20 μM of H2DCF-DA for 30 min. After
washedwith PBS, cells were observed and imaged under a fluorescent
microscope. The intensity of green fluorescence which is directly
proportional to the amount of ROS produced was determined by flow
cytometry and the representative data were presented here
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damage (Fig. 8b). Further, it is well documented that ER
stress-induced cell death is also associated with mito-
chondrial dysfunction (Song et al. 2016). However, in
our study, the ER stress inhibitor 4-PBA failed to restore
MMP (Fig. 8c). This may be due to the downstream
effects of PRE-induced LMP in MCF-7 cells.

Discussion

The cytotoxicity assay showed that MCF-7 human breast
cancer cells were sensitive to PRE in a dose-dependent
manner. Furthermore, PRE caused increased accumula-
tion of autophagic marker proteins, LC3 and p62, indi-
cating an incomplete autophagic process inMCF-7 breast
cancer cells. Autophagy is an intracellular, lysosomal
degradative pathway essential for maintaining cellular
homeostasis (Samie and Xu 2014). Thus, any disruption
in the lysosomal function could severely impair the au-
tophagic process. In the present study, the decreased

LysoTracker Green fluorescence intensity, as well as the
increased cytosolic distribution of the lysosomal prote-
ase, cathepsin-D, clearly indicates the loss of lysosomal
function. Accordingly, this could be the reason for in-
creased accumulation of autophagosomes in PRE-treated
MCF-7 cells. Subsequently, we found that PRE-induced
MCF-7 breast cancer cell death was not mainly associat-
ed with the autophagic block.

Following LMP, the lysosomal luminal contents are
released into the cytosol, setting off indiscriminate deg-
radation of cellular components and thereby promoting
cell death. Massive LMP results in apoptotic-like or
necrotic cell death without caspase activation, whereas
limited LMP can initiate caspase-dependent apoptosis
(Boya and Kroemer 2008; Oberle et al. 2010). In the
present study, the broad spectrum caspase inhibitor, z-
VAD-fmk, did not influence PRE-induced cell death. In
addition, Hoechst 33342 and PI, as well as annexin V-
FITC and PI, dual staining assays revealed cellular mor-
phological features with characteristics of apoptosis

Fig. 6 a Effect of calcium and zinc chelators on PRE-induced
LMP in breast cancer cells. MCF-7 cells were pretreated with
20μMof calcium chelator (BAPTA-AM) or 1μMof zinc chelator
(TPEN) for 1 h, followed by PRE for 24 h. To assess the lysosomal
integrity, cells were stained with LysoTracker Green DND-26.
Then, the intensity of green fluorescence from 10,000 cells per

sample was measured by flow cytometry. The percentage of
decreased fluorescence is indicated in the respective figures. b
Similarly, the effect of GGA, an inducer of Hsp70 expression on
PRE-induced LMP, was analyzed by flow cytometry and the
representative data have been presented
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i n c l u d i n g c h r om a t i n c o n d e n s a t i o n a n d
phosphatidylserine externalization, as well as necrosis
in breast cancer cells treated with PRE. These findings
evidence the induction of caspase-independent,
apoptosis-like cell death by PRE inMCF-7 breast cancer
cells. Additionally, PRE-induced MCF-7 breast cancer
cell death was fairly influenced by the lysosomal prote-
ase inhibitors. Generally, inhibition of the most abundant
lysosomal enzymes like cathepsins, that are downstream
effectors responsible for induction of cell death follow-
ing limited LMP, can confer significant protection.
However, protection is impossible following extensive
LMP due to the lack of inhibition of all of the released
lysosomal enzymes without causing massive alterations
in cellular functions (Boya and Kroemer 2008).

Several reports clearly demonstrate that phenolic
compounds induce cytotoxicity via increasing the pro-
duction of cellular ROS. Cellular ROS are a group of
molecules that influence various signal transduction
pathways and perform critical functions in cells
(Covarrubias et al. 2008; Zuo et al. 2015). Oxidative
stress occurs when production of ROS overwhelms the
cellular antioxidant defense or when there is a decrease
in the cellular antioxidant capacity (Poljsak et al. 2013).
ROS can induce LMP indirectly by reacting with

intralysosomal iron, which produces the highly reactive
hydroxyl radicals through the Fenton reaction (Terman
et al. 2006). Here, we found that both deferoxamine
(iron chelator) and n-acetylcysteine (antioxidant) failed
to improve the lysosomal integrity in PRE-treated cells.
This data represents the involvement of an oxidative
stress-independent mechanism in PRE-induced LMP
inMCF-7 breast cancer cells. Hsp70 is an evolutionarily
highly conserved molecular chaperone which is local-
ized on the lysosomal membrane that protects against
LMP by promoting acid-sphingomyelinase activity and
s t ab i l i z i ng the in t e r a c t i on be tween ac id -
sphingomyelinase and bis(monoacylglycero)phosphate
(Nylandsted et al. 2004). Nylandsted et al. (2000) have
reported that the downregulation of Hsp70 induces
caspase-independent cell death in breast cancer cells.
Hence, overexpression of Hsp70 is thought to promote
lysosomal integrity. In the present study, pharmacolog-
ical induction of Hsp70 expression with GGA showed
no significant improvement of the lysosomal integrity in
MCF-7 breast cancer cells.

Moreover, another possibility is that impaired zinc
and calcium homeostasis also greatly influence the
integrity of lysosomes (Lee and Koh 2010;
Rodríguez-Muela et al. 2015). Zinc is an indispensable

Fig. 7 PRE also induces ER stress inMCF-7 human breast cancer
cells. a After 24 h treatment with PRE, cells were stained with
1 μM of ER-Tracker Blue-White DPX fluorescence dye for
30 min. The intensity of the ER-Tracker dye was analyzed by
fluorescent microscopy as well as flow cytometry. b To determine

the effect of PRE on ER stress markers, whole cell lysates were
subjected to immunoblotting for quantification of GRP78, IRE1α,
phospho-eIF2α, and CHOP protein levels. Data are representative
of three independent experiments
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micronutrient that regulates many cellular functions.
Though zinc accumulates in virtually all cellular organ-
elles, lysosomes play a vital role in maintaining the
intracellular labile zinc concentration, as they absorb
zinc from the cytosol. Generally, zinc is essential for
lysosomal acidification and exocytosis (Kukic et al.
2014). However, abundance of cellular zinc levels has
been linked to catastrophic consequences, like loss of
lysosomal membrane integrity (Kukic et al. 2014).
Likewise, increased intracellular accumulation of calci-
um could induce LMP by targeting the molecules re-
sponsible for lysosomal membrane integrity like
lysosomal-associated membrane protein 2a (LAMP2a)
via activation of calpains (Villalpando Rodriguez and
Torriglia 2013). A clinically used alcohol-deterrent di-
sulfiram induces LMP in breast cancer cells by increas-
ing the lysosomal sequestration of zinc. Additionally,
the well-known, extensively studied anticancer phenolic
compound, curcumin, induces lysosomal destabilization
by increasing intracellular calcium in human
hepatocarcinoma cells (Wiggins et al. 2015;
Moustapha et al. 2015). Here in our study, depletion of
intracellular zinc and calcium using specific chelators
promotes the PRE-induced LMP in MCF-7 cells.

Further, we observed that PRE induces ER stress
in MCF-7 breast cancer cells. Studies have reported
that lysosomal dysfunction can induce ER stress by
increasing the accumulation of ubiquitinated pro-
teins (Yu et al. 2013). So, the stress to the ER in
PRE-treated MCF-7 cells may be due to the loss of
lysosomal function. Following LMP, the lysosomal
cathepsins can directly promote mitochondrial mem-
brane depolarization (Boya and Kroemer 2008).
Likewise, ER stress can also induce mitochondrial
membrane damage via its downstream effectors, in
order to cause apoptotic cell death (Lee et al. 2010).
Here, inhibition of cathepsins using chemical

inhibitors showed significant protective effects on
mitochondrial membrane integrity. However, the
ER stress inhibitor, 4-PBA, did not significantly
influence the effect of PRE on mitochondrial dam-
age. We speculate that 4-PBA fails to preserve mi-
tochondrial membrane potential due to the down-
stream effects of LMP in PRE-treated MCF-7 cells.

Conclusion

The results suggest that PRE-induced cytoplasmic vac-
uolation in MCF-7 cells might be due to lysosomal and
ER dilation as well as accumulation of autophagosomes.
The loss of these vital organelles integrity and mito-
chondrial membrane depolarization might be partly re-
sponsible for PRE-induced caspase-independent,
apoptosis-like cell death in MCF-7 human breast cancer
cells. However, more studies are warranted to explore
the mechanism behind PRE-induced MCF-7 human
breast cancer cell death.
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