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Breast cancer, the most commonly diagnosed cancer in women worldwide, is treated in various ways. Ramalin is
a chemical compound derived from the Antarctic lichen Ramalina terebrata and is known to exhibit antioxidant
and antiinflammatory activities. However, its effect on breast cancer cells remains unknown. We examined the
ability of ramalin to induce apoptosis and its mechanisms in MCF-7 and MDA-MB-231 human breast cancer cell
lines. Ramalin inhibited cell growth and induced apoptosis in both cell lines in a concentration-dependent
manner. By upregulating Bax and downregulating Bcl-2, ramalin caused cytochrome c and apoptosis-inducing
factor to be released from the mitochondria into the cytosol, thus activating the mitochondrial apoptotic pathway.
In addition, activated caspase-8 and caspase-9 were detected in both types of cells exposed to ramalin, whereas
ramalin activated caspase-3 only in the MDA-MB-231 cells. Ramalin treatment also increased the levels of
LC3-II and p62. Moreover, the inhibition of autophagy by 3-methyladenine or Atg5 siRNA significantly en-
hanced ramalin-induced apoptosis, which was accompanied by a decrease in Bcl-2 levels and an increase in
Bax levels. Therefore, autophagy appears to be activated as a protective mechanism against apoptosis in cancer
cells exposed to ramalin. These findings suggest that ramalin is a potential anticancer agent for the treatment of
patients with non-invasive or invasive breast cancer. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Breast cancer is the most common cancer among
women in both developed and developing countries
(Jemal et al., 2011). Although the risk factors that can
lead to breast cancer include certain dietary patterns,
physical inactivity, family history, gene mutations, and
alcohol consumption, most of the established risk fac-
tors are related to exposure to the hormone oestrogen,
such as the use of contraceptives, hormone replacement
therapy, age at menarche, age at menopause, and the
experience of pregnancy and lactation (Hulka and
Moorman, 2001). Breast cancer is divided into many
subtypes depending on the characteristics of the cells
(Rouzier et al., 2005). However, the presence of oestro-
gen receptors (ERs) is one of the most important gen-
eral classifications, because ERs play a significant role
in several signal transduction pathways of breast cancer
cells and affect gene expression and cell characteristics
upon exposure to oestrogen. ER-positive breast cancer
is responsive to anti-oestrogen therapy and leads to a
better outcome in general, whereas ER-negative breast
cancer is more aggressive and is usually associated
with a poor clinical prognosis (Badve and Nakshatri,
2009; Shen et al., 2012). Despite many clinical trials
involving numerous agents, the search continues for
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more effective therapeutic agents targeted to both kinds
of breast cancer.

Homeostasis is maintained when cell survival and cell
death are in balance. Among the several kinds of cell
death, apoptosis is programmed cell death that controls
homeostasis, mutation, ageing, tissue development, and
immune responses that involve the removal of infected
cells (Elmore, 2007). In cancer, homeostasis is off-
balance, and abnormal proliferation occurs consistently,
so evading apoptosis is a key to tumour progression
(Hanahan and Weinberg, 2000). Therefore, inducing
apoptosis in cancer cells can be an effective approach
to treating cancer (Nicholson, 2000).

Autophagy is an evolutionarily conserved process
involved in disassembling proteins or cell organelles
and reconstructing cells in response to the lack of nutri-
tion to maintain the homeostasis of cells (Yoshimori,
2004). Usually, autophagy maintains homeostasis at the
basal level, but it can be upregulated by several stimuli,
including cell starvation, hypoxia, growth factor depri-
vation, and oxidant-mediated injury, to perform an
adaptive function for cell survival (Kaushal, 2012). In
addition, when autophagy is impaired or overly acti-
vated, it can function as a pathway to cell death (Herzog
et al., 2012). However, the role of autophagy in regulat-
ing cancer cell survival or death in response to antican-
cer drugs remains to be defined. Autophagy can play a
role either in causing cell death in tumour cell (Jin and
White, 2007) or in helping cancer cells to survive (Jain
et al., 2013). Although autophagy is known to be an
essential step to trigger apoptosis and play a negative
role depending on various conditions (Gozuacik and
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427REGULATION OFAPOPTOSIS AND AUTOPHAGY BY RAMALIN
Kimchi, 2004; Eisenberg-Lerner et al., 2009), further re-
search is needed to investigate the role of autophagy in
certain cancer cells for treatment.
Ramalin is a compound isolated from the methanol/

water extract of the Antarctic lichen, Ramalina terebrata.
Lichens have a symbiotic relationship with a fungus
and an alga, which synthesize diverse secondary metab-
olites (Huneck, 1999). Various lichen metabolites have
a wide range of biological functions, such as anti-
inflammatory, fungicidal, cytotoxic, and antiproliferative
activity (Müller, 2001). Recently, Paudel and colleagues
showed that ramalin has more significant antioxidant ac-
tivity than other well-known antioxidants (Paudel et al.,
2011). However, the effect of ramalin on cancer cells has
not been addressed.
In this study, we investigated the cytotoxic effects

of ramalin and the mechanisms by which ramalin exerts
its effect in two human breast cancer cell lines,
MDA-MB-231 and MCF-7. Our results revealed that
ramalin-induced apoptosis was enhanced by the inhibi-
tion of autophagy.
MATERIALS AND METHODS

Reagents. Unless otherwise indicated, all the chemicals
used in this study were obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA). Foetal bovine serum, penicil-
lin G and streptomycin, Trypsin-EDTA, RPMI 1640,
and Dulbecco’s Modified Eagle’s Medium (DMEM)
were purchased from GE Healthcare Bio-Sciences
Corp. (Piscataway Township, NJ, USA), and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution was obtained from Merck KGaA
(Darmstadt, Germany). LC-3 antibody was obtained
from Novus Biologicals (Littleton, CO, USA), and
Atg5 antibody was obtained from Cell Signaling Tech-
nology (Danvers, MA, USA). Antibodies against
apoptosis-inducing factor (AIF), α-tubulin, Bax, Bcl-2,
beclin-1, cytochrome c, COX IV, p53, p62, caspase-3,
caspase-8, and caspase-9 antibodies were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA).
Extraction and isolation of ramalin. Ramalin was ex-
tracted and purified from the freeze-dried and ground
lichen sample (Ramalina terebrata), as previously de-
scribed (Paudel et al., 2011). The molecular formula of
ramalin [γ-glutamyl-N′-(2-hydroxyphenyl) hydrazide]
was determined as C11H15N3O4 by analysis of its High-
Resolution Electrospray Ionization Mass Spectrometry
data, indicating six degrees of unsaturation, which were
accounted for by the presence of two carbonyl groups
on an aromatic ring system (Fig. 1). This formula was
supported by 1H and 13C nuclear magnetic resonance
Figure 1. Chemical structure of ramalin.

Copyright © 2015 John Wiley & Sons, Ltd.
spectroscopy data. The purity of the isolated compound
was confirmed to exceed 99%. Ramalin (MW 254.11141)
was dissolved in distilled water to a concentration of
100mg/mL and diluted to the appropriate concentrations
within the culture medium.

Cell culture. The two human breast cancer cell lines
(MCF-7 and MDA-MB-231) were obtained from the
American Type Culture Collection (Manassas, VA,
USA). MCF-7 cells were propagated in RPMI-1640,
and MDA-MB-231 cells were cultured in DMEM. Both
media were supplemented with 10% (v/v) foetal bovine
serum and antibiotics (100 IU/mL of penicillin and
100μg/mL of streptomycin). Cells were cultured at 37 °C
in a humidified atmosphere containing 5% CO2.

Assessment of cell proliferation and viability. Breast
cancer cells were seeded in a 96-well plate (1 × 105

cells/well), and different concentrations of ramalin
(10, 50, and 100μg/mL) were added. Cell proliferation
was measured by MTT assay as described elsewhere
(Nguyen et al., 2015). After incubation for 24 h, the
treated cells were washed once with phosphate buff-
ered saline (PBS), and the media were replaced with
200μL of MTT solution (25mg/mL in media) and incu-
bated at 37 °C for 4 h. The supernatant was discarded,
and the formazan blue crystals formed by the reduction
of MTT were dissolved in 150mL of DMSO. Optical
density was measured by absorbance at 560 nm using
a microplate reader (Molecular Devices, Sunnyvale,
CA, USA). The trypan blue dye exclusion test was also
used to determine the number of viable cells. Cells
were washed with PBS and then collected by centrifuge
at 200 × g for 5min. The pellet was re-suspended in
1mL of PBS, and one part of 0.4% trypan blue was
mixed with one part cell suspension. The unstained
(viable) and stained (nonviable) cells were counted
separately.

Determination of apoptosis by Annexin V/propidium
iodide staining analysis. Cells undergoing apoptosis
were identified using the FITC Annexin V/Propidium
Iodide (PI) Apoptosis Detection Kit (BD Biosciences,
San Jose, CA, USA) according to the manufacturer’s
instructions. Cells (8× 105 cells/dish) were seeded in
60-mm dishes and treated with various concentrations
(10, 50, and 100μg/mL) of ramalin. In some experi-
ments, a pan-caspase inhibitor, Z-VAD-fmk, was in-
cluded along with ramalin. After incubation for 24h,
the cells were harvested by centrifugation (5min at
448×g) and washed in duplicate with ice-cold PBS.
Cells were then re-suspended in 100μL of binding
buffer containing 5μL of Annexin V-FITC conjugate
and 10μL of PI and were incubated in the dark at room
temperature. After 15min, 400μL of the binding buffer
was added, and the cells were analysed by means of flow
cytometry (BD FACSCanto II, BD Biosciences). At
least 10 000 cells were subjected to analysis to identify
viable, apoptotic, and necrotic populations, and the
fraction of the cell population was measured by FCS
Express 4 Flow Cytometry software (De Novo Soft-
ware, Glendale, CA, USA).
Phytother. Res. 30: 426–438 (2016)
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Transient transfection with Atg5 small interfering RNA.
The small interfering RNA (siRNA) targeting Atg5
and a negative control siRNA were purchased from
Dharmacon (Dharmacon RNATechnologies, Lafayette,
CO, USA). Cells were transfected with siRNAs (10nM)
using Lipofectamine 2000 (Invitrogen Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s
recommendations. Cells were treated with ramalin for
a further 24h and then analysed for the expression of
proteins.
Western blot analysis. Western blotting was performed
as previously described but with some modifications
(Lee et al., 2013). Briefly, the cells were treated with dif-
ferent concentrations of ramalin (10, 50, and 100μg/mL)
for the indicated times in figure legends. After treat-
ment, the cells were harvested and washed twice in
PBS followed by lysis in a lysis buffer (50mM of
Tris-Cl, pH 6.8, 10% glycerol, 2% Sodium dodecyl
sulfate (SDS), and 1mM of Phenylmethylsulfonyl fluo-
ride (PMSF)) and were then incubated on ice for
15min. Nonidet P-40 (0.5%) was added to lyse the cells
that were vortexed for 10 s and centrifuged twice at
500×g at 4 °C for 10min. After centrifugation, the nu-
clear pellet was obtained and the supernatants were fur-
ther centrifuged 10 000×g at 4 °C for 30min. The
resulting mitochondrial pellets were suspended in a lysis
buffer, sonicated, and stored at �70 °C until used. The
supernatant from the previous step was further centri-
fuged at 100,000×g at 4 °C for 1h to obtain the cytoplas-
mic fraction, which was stored at �70 °C until used.
Protein concentrations were quantified with the DC
Protein Assay Kit (Bio-Rad Laboratories, Hercules,
Figure 2. The effect of ramalin on proliferation and viability in MCF-7 an
different concentrations of ramalin, as indicated, for 24 h. (A) Cell prolif
tetrazolium bromide assay. The level of cell viability is presented as th
assessed by the trypan blue exclusion test. Data shown are the means ±
untreated control.

Copyright © 2015 John Wiley & Sons, Ltd.
CA, USA) and bovine serum albumin as standard. Pro-
tein samples (20μg) from cytoplasmic, mitochondrial, or
whole-cell extract preparations were resolved with SDS-
PAGE, after which they were transferred onto
NC/PVDF membranes (Millipore Corp., Billerica,
MA, USA). After blocking in 5% skim milk at room
temperature for 1h, membranes were washed with
Tris-buffered saline containing 0.05% Tween-20 (TBST)
and probed with the appropriate antibodies. A horserad-
ish peroxidase-conjugated secondary antibody was added,
and secondary antibodies were detected by an enhanced
chemiluminescence kit (AbClon, Seoul, Korea) and a
Davinch-Chemi Chemiluminescence Imaging System
(Davinch-K, CellTAGen, Seoul, Korea). In all immuno-
blotting experiments, blots were re-probed with anti-
β-actin, anti-COX IV, or anti-α-tubulin antibody as a
control for equal loading.

Autophagy assays by fluorescence microscopy. GFP-
LC3 transfected cells were observed by means of
fluorescence microscopy (Olympus-America, Melvile,
NY). To determine the activation of autophagy, GFP-
LC3-expressing cells were treated with ramalin in
culture medium for 24h. Cells were fixed with 4%
paraformaldehyde in PBS, and the punctate cytoplasmic
patterns of LC3 were visualized by fluorescence micros-
copy. The number of GFP-LC3 dots per cell was counted
and presented in a graphic format. The quantitative results
obtained were then statistically analysed and compared.

Statistical analysis. Results are represented as means
±SEM. One-way analysis of variance was used to deter-
mine significance among the groups, after which a
d MDA-MB-231 cells. Human breast cancer cells were treated with
eration was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
e percentage of untreated control cells. (B) Cell viability was also
SEM of at least three independent experiments. * p<0.05 versus

Phytother. Res. 30: 426–438 (2016)



429REGULATION OFAPOPTOSIS AND AUTOPHAGY BY RAMALIN
modified t-test with the Bonferroni correction was used
for comparisons between individual groups. Significant
values are represented by an asterisk (* p< 0.05).
RESULTS

Effect of ramalin on proliferation and viability of human
breast cancer cells

To examine the effect of ramalin on the proliferation
and viability of human breast cancer cell lines MCF-7
and MDA-MB-231, cells were treated with ramalin.
The proliferation rates of both cell lines were deter-
mined by MTT assay. When the cells were exposed to
ramalin (10, 50, or 100μg/mL), the inhibitory effect of
ramalin on cell proliferation occurred within 24h or
earlier (Fig. 2A). However, both types of cells were
almost completely dead at 50 and 100μg/mL after 36h
(data not shown). After 24h of incubation, ramalin
treatment resulted in concentration-dependent decreases
in cell proliferation to 90.9%, 21.3%, and 14.3% in MCF-
7 cells and 72.2%, 46.4%, and 20.1% in MDA-MB-231
cells at ramalin concentrations of 10, 50, and 100μg/mL, re-
spectively. Next, we analysed the effect of ramalin on the
Figure 3. Ramalin induces apoptosis in MCF-7 and MDA-MB-231 cells.
indicated concentrations of ramalin for 24 h, the cells were harvested
analysed by flow cytometry. Cell populations of FITC�/PI�, FITC+/PI�
quadrant), early-stage apoptotic (lower right quadrant), and late-stage a
tive of three independent experiments.

Copyright © 2015 John Wiley & Sons, Ltd.
viability of breast cancer cells. Trypan blue assay showed
that ramalin decreased the cell viability rate in both breast
cancer cell lines in a concentration-dependent manner. Ac-
cordingly, in all subsequent experiments, the cells were
treated with 10, 50, and 100μg/mL of ramalin for 24h.
Induction of apoptosis by ramalin in MCF-7 and
MDA-MB-231 cells

To determine whether ramalin triggers apoptotic
cell death, MCF-7 and MDA-MB-231 cells were
treated with three different concentrations of ramalin
(10, 50, and 100μg/mL). After incubation for 24 h,
the cells were stained with binding buffer containing
FITC Annexin V/PI and then analysed by means of
flow cytometry. Treatment with ramalin led to a
concentration-dependent increase in early and late
apoptosis/necrosis rates from 0.54% to 39.47% in the
MCF-7 cells and from 2.04% to 34.94% in the MDA-
MB-231 cells (Fig. 3). Although MCF-7 cells were
more sensitive to the apoptotic effect of ramalin at
the highest concentration (100μg/mL), the proportion
of cells undergoing apoptosis was increased in a
concentration-dependent manner in both human
breast cancer cell lines.
After MCF-7 cells and MDA-MB-231 cells were treated with the
and stained for Annexin V/propidium iodide. Apoptotic cells were
, and FITC+/PI+ were regarded, respectively, as living (lower left
poptotic/necrotic cells (upper right quadrant). Data are representa-

Phytother. Res. 30: 426–438 (2016)



Figure 4. Effect of ramalin on caspase activation. MCF-7 and MDA-MB-231 cells were treated with ramalin (10, 50, and 100 μg/mL) for
24 h. (A) Whole-cell protein lysates were prepared, and protein expression was measured by performing western blot analysis with specific
antibodies. β-actin was used as an internal control. (B) Cell viability was assessed by the trypan blue exclusion test. (C) The cells were
pretreated with 10 μM of Z-VAD-fmk for 2 h, followed by treatment with ramalin for 24 h. The apoptotic cells were analysed by means of
flow cytometry. Cell populations FITC-/PI-, FITC+/PI-, and FITC+/PI+ were regarded, respectively, as living (lower left quadrant), early-
stage apoptotic (lower right quadrant), and late-stage apoptotic/necrotic cells (upper right quadrant). Data are representative of three inde-
pendent experiments.
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Effect of ramalin on activation of caspases

Caspases, which represent both initiators and execu-
tors of the apoptotic process, have been well known
to play an important role in external and internal
apoptosis pathways (Lavrik et al., 2005). To determine
whether caspases are activated in ramalin-induced
apoptosis in breast cancer cells, we exposed the two
cell lines to ramalin. After incubation for 24 h, the
expression of caspases was determined by western
blotting (Fig. 4A). Treatment with ramalin activated
both caspase-8 and caspase-9 in both breast cancer cell
lines in a concentration-dependent manner. However,
cleaved caspase-3 was expressed in MDA-MB-231
cells but not in caspase-3-deficient MCF-7 cells in a
concentration-dependent manner. To confirm the rele-
vance of caspase in ramalin-induced apoptosis, cells were
treated with the pan-caspase inhibitor, Z-VAD-fmk. By
trypan blue assay, pretreatment of both types of cells
with Z-VAD-fmk for 2h before ramalin exposure signif-
icantly attenuated ramalin-induced cell death in both cell
lines (Fig. 4B). Moreover, flow cytometric analysis also
showed that Z-VAD-fmk pretreatment resulted in a
Copyright © 2015 John Wiley & Sons, Ltd.
decrease in early- and late-stage apoptosis in the MCF-
7 cells (from 11.6% to 2.94%) and the MDA-MB-231
cells (from 6% to 5.17%), respectively (Fig. 4C). These
results suggest that ramalin triggers both extrinsic and
intrinsic pathways of apoptotic cell death and causes
caspase-3-dependent and caspase-3-independent apo-
ptosis in breast cancer cells.
Effect of ramalin on the expression of Bcl-2 family
proteins and p53

It has been known that p53 directly or indirectly regu-
lates the activity of the Bcl-2 family proteins (Hemann
and Lowe, 2006). To understand the relation between
p53 and the expression of Bax and Bcl-2 in ramalin-
treated breast cancer cells, we examined the effect of
ramalin on the expression of Bcl-2 family members
and on p53 status. MCF-7 (wild-type p53) cells and
MDA-MB-231 (p53 mutant 280, Arg-Lys) cells were
exposed to 10, 50, and 100μg/mL of ramalin for 24h.
In the MCF-7 cells, p53 protein levels were upregulated
by ramalin, whereas the levels of endogenous p53
Phytother. Res. 30: 426–438 (2016)



Figure 4. (Continued)
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expression were decreased in the ramalin-treated MDA-
MB-231 cells (Fig. 5). Regardless of p53 status, the
expression of Bax, the pro-apoptotic Bcl-2 family protein,
was increased and the expression of Bcl-2, the anti-
apoptotic protein, was decreased in the ramalin-treated
human breast cancer cells in a concentration-dependent
manner (Fig. 5). These data demonstrate that the apopto-
tic pathway of ramalin-treated human breast cancer cells
is regulated by the Bcl-2 family proteins and is indepen-
dent of p53 expression.
Figure 5. Effects of ramalin on p53, Bcl-2, and Bax protein levels. MCF-7
tions (0, 10, 50, and 100 μg/mL) of ramalin for 24 h. The cells were co
determined by western blot analysis using the antibodies indicated. β-act
independent experiments.

Copyright © 2015 John Wiley & Sons, Ltd.
Effect of ramalin on translocation of cytochrome c and
apoptosis-inducing factor

Mitochondria play a crucial role in the commitment to ap-
optosis through the release of cytochrome c and AIF
translocation (Burlacu, 2003; Tait and Green, 2010;
Hemann and Lowe, 2006; Du et al., 2000). To determine
whether the mitochondrial apoptotic pathway is involved
in ramalin-induced apoptosis, we examined the release of
cytochrome c and AIF from the mitochondria to the
cells and MDA-MB-231 cells were exposed to different concentra-
llected, and total proteins were extracted. Levels of proteins were
in was used as an internal control. Data are representative of three

Phytother. Res. 30: 426–438 (2016)



Figure 6. Ramalin triggers release of cytochrome c and apoptosis-inducing factor (AIF) from mitochondria into the cytosol. Cytosolic and
mitochondrial fractions were isolated from breast cancer cells treated with the indicated concentrations of ramalin for 24 h (see Materials
and Methods section). Protein levels of cytochrome c and AIF were analysed by western blot analysis. COX IV and α-tubulin were used
as internal controls for the mitochondrial and cytosolic fractions, respectively. Data are representative of three independent experiments.
M.E., mitochondria extracts; C.E., cytosol extracts.
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cytosol. MCF-7 and MDA-MB-231 cells were treated
with three different concentrations of ramalin (10, 50,
and 100μg/mL). After incubation for 24h, the accumula-
tion of cytochrome c and AIF in the mitochondrial and
cytosolic extracts was examined by western blotting
analysis with specific antibodies. As shown in Fig. 6,
treatment with ramalin resulted in an increase in cyto-
solic levels of cytochrome c and AIF and a decrease in
the mitochondrial levels of cytochrome c and AIF in a
concentration-dependent manner in both breast cancer
cell lines, indicating that ramalin did in fact trigger the
release of cytochrome c and AIF.
Ramalin treatment activates autophagy in breast
cancer cells

Because it has been widely accepted that autophagy
interacts in a complex way with apoptosis, many anti-
cancer agents induce autophagy-mediated cell death.
Therefore, in order to investigate whether ramalin
activates the autophagy pathway, MCF-7 and MDA-
MB-231 cells were treated with different concentrations
of ramalin (10, 50, and 100μg/mL) for 24h. After
ramalin exposure, the accumulation of GFP-LC3 puncta
in the cytosol was increased in the two cell lines, as
compared with the control cells, in a concentration-
dependent manner (Fig. 7A). In addition, expression
of the autophagic markers LC3 and p62 (SQSTM1)
was determined by western blotting. Consistent with
the GFP-LC3 puncta results, the accumulation of LC3-II
was found to be increased in both breast cancer cell lines
exposed to ramalin in a concentration-dependent manner
(Fig. 7B). Interestingly, ramalin caused increased p62
expression in both types of cells (Fig. 7B), which is consis-
tent with other reports in which increased p62 expression
was required to induce autophagy (Wong et al., 2010;
Copyright © 2015 John Wiley & Sons, Ltd.
Robert et al., 2009; Puissant et al., 2010; Puissant et al.,
2012). These results indicated that ramalin activated the
autophagy process in breast cancer cells.

Phosphatidylinositol 3-kinase (PI3K) class III (PI3KcIII),
also known as Vps34, is a member of the PI3K protein
family of enzymes that are involved in the initiation of
canonical autophagy by recruiting autophagy-related
gene complexes to induce membrane phagophore
formation. To determine whether PI3KcIII is involved
in ramalin-stimulated apoptosis/autophagy, MCF-7 and
MDA-MB-231 cells were treated with 100μg/mL of
ramalin in the presence or absence of 1mM of 3-
methyladenine (3MA), a Vps34 inhibitor, for 24h. As
shown in Fig. 8A, exposure to ramalin with 3MA
increased the levels of expression of p62 and LC3-II even
higher when compared with ramalin alone, whereas the
combined treatment further reduced the expression of
both Atg5 and beclin-1 in both cell lines when compared
with cells treated with ramalin alone, suggesting that
ramalin could activate the early stage of the autophagy
process in breast cancer cells.

Further support for this conclusion comes from the
observation that pretreatment with actinomycin D re-
sulted in decreased expression of Atg5, beclin-1, LC-3,
and p62 in both breast cancer cells exposed to ramalin,
whereas the expression of these autophagy-related
genes was significantly higher with bafilomycin A1
treatment (Fig. 8B). Similarly, the increased number
of GFP-LC3 puncta upon ramalin treatment was
reduced by actinomycin D in the MCF-7 and MDA-
MB-231 cells (Fig. 8C). However, pretreatment with
bafilomycin A1 resulted in a significantly higher num-
ber of GFP-LC3 puncta as compared with that in the
ramalin-treated cells.

Next, we investigated the contribution of autophagy to
ramalin-induced apoptosis. Both cell types were treated
with ramalin in the presence or absence of 3MA. The
Phytother. Res. 30: 426–438 (2016)



Figure 7. Ramalin induces autophagy in breast cancer cells. (A) Immunofluorescence microscopy was used to determine the punctate
pattern of LC3 (arrows) in breast cancer cells transiently transfected with the GFP-LC3 vector and then treated with either vehicle (control)
or ramalin for 24 h. Representative fluorescent images are shown (scale bars=20 μm). Quantification shown in the graph on the right
represents the mean ± SEM number of GFP-LC3 puncta per cell from three independent experiments. * p<0.05 versus untreated control.
(B) MCF-7 cells and MDA-MB-231 cells were treated with the indicated concentrations of ramalin for 24 h. Total cell lysates were prepared
and subjected to immunoblotting of LC3, p62, and β-actin. β-actin was used as an internal control. Data are representative of three indepen-
dent experiments. This figure is available in color online at wileyonlinelibrary.com/journal/ptr.
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expression of the pro-apoptotic Bax protein was increased,
and the expression of anti-apoptotic Bcl-2 protein was de-
creased to a greater extent by pretreatment with ramalin
plus 3MA in the MCF-7 and MDA-MB-231, as compared
with the cells treated with ramalin alone (Fig. 9A). In addi-
tion, the ramalin-treated MCF-7 cells and MDA-MB-231
cells showed reduced viability when autophagy was
inhibited by 3MA (Fig. 9B).
To provide more direct evidence that autophagy

influences ramalin-induced apoptosis, we used Atg5-
targeting siRNA to decrease endogenous Atg5 expres-
sion. Atg5 is essential for autophagosome formation.
Knockdown of Atg5 increased the expression of Bax
and decreased the expression of Bcl-2 protein in both
ramalin-treated breast cancer cells, as compared with
the cells transfected with scrambled siRNA (Fig. 9C).
These results suggest that the autophagic process is
closely related to ramalin-induced breast cancer cell
apoptosis.
Copyright © 2015 John Wiley & Sons, Ltd.
DISCUSSION

In the present study, we found that ramalin induced
both autophagy and apoptosis in breast cancer cells
and that autophagy inhibition enhanced ramalin-
induced apoptosis. Breast cancer has become the most
important cancer in women (Jemal et al., 2011). In gen-
eral, ER-positive cells are present in 60% of patients
with breast cancer, and these patients can be treated
with anti-oestrogen therapy; ER-negative breast cancer
is harder to treat (Badve and Nakshatri, 2009; Shen
et al., 2012). Although there have been many attempts
to develop treatments, more effective anticancer agents
are still needed for both ER-positive and ER-negative
breast cancer.

In this study, we investigated the apoptotic effects
of ramalin, a novel compound, on two kinds of human
breast cancer cell lines. Our results showed that treatment
Phytother. Res. 30: 426–438 (2016)



Figure 8. Inhibition of autophagy in ramalin-treated cells. (A and B) MCF-7 and MDA-MB-231 cells were treated with 100 μg/mL of ramalin in
the presence or absence of 3-methyladenine (3MA; 1mM), actinomycin D (1 μM), or bafilomycin A (1 ng/mL) for 2 h. Levels of proteins were
determined by western blot analysis using the antibodies indicated. β-actin was used as the control for protein loading. (C) Immunofluores-
cence microscopy was used to analyse the punctate pattern of LC3 (arrows) in inhibitor-pretreated cells that were transiently transfected
with the GFP-LC3 vector and then treated with either vehicle (control) or ramalin for 24 h. Representative fluorescent images are shown
(scale bars=20 μm). Quantification shown in the bottom graph represents the mean ± SEM number of GFP-LC3 puncta per cell from three
independent experiments. * p<0.05 versus ramalin-only treatment. # p<0.05 versus ramalin-only treatment.
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with ramalin resulted in a dose-dependent decrease in cell
proliferation in both MCF-7 and MDA-MB-231 cells. In
addition, both types of ramalin-treated breast cancer
cells showed dose-dependent increases in early-stage or
late-stage apoptosis. These findings were confirmed by
experiments using the pan-caspase inhibitor Z-VAD-
fmk, which enhanced cell viability in the ramalin-treated
cells. Collectively, these results suggest that ramalin can
inhibit the growth of human breast cancer cells and in-
duce apoptosis. It is noteworthy that ramalin functions
independently of ER status to induce growth inhibition
and cytotoxicity in breast cancer cells. In this investiga-
tion, MCF7 andMDA-MB-231 human breast cancer cell
lines were used, which are the most widely used breast
cancer cell lines. One of the main differences between
MCF-7 and MDA-MB-231 cell lines is the presence of
ER (Morelli et al., 2003). It has been argued that ER
Copyright © 2015 John Wiley & Sons, Ltd.
status might predict the response of breast cancer cells
to cytotoxic compounds (Duffy, 2006; Jensen and
Jordan, 2003; Jordan and O’Malley, 2007). Some papers
have reported that there was complete correlation
between the presence of ER and the sensitivity of the
breast cancer cells to cytotoxic compounds. In contrast,
others have demonstrated that the presence of ER did
not correlate with response to cytotoxic compounds. In
the present study, our data showed that both breast
cancer cells are sensitive to ramalin and there is a similar
cytotoxicity between the two breast cancer cell lines
after treatment with ramalin. In addition, because the
MDA-MB-231 cell line does not contain ERs, the pres-
ence of ER has no significant effect on ramalin-induced
cell growth inhibitory activity, suggesting that the effect
of ramalin may be via ER-independent, non-cell-type-
specific cytotoxic mechanism.
Phytother. Res. 30: 426–438 (2016)



Figure 8. (Continued). This figure is available in color online at wileyonlinelibrary.com/journal/ptr.
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The early signal transduction of the apoptotic path-
way is delicately controlled by several proteins, such as
p53 or members of the Bcl-2 family (Chipuk and Green,
2008). The tumour suppressor p53 plays a role in regu-
lating the response to several stimuli and triggering
apoptosis by causing pro-apoptosis to maintain cellular
integrity (Haupt et al., 2003). In evading apoptosis,
about half of human tumours inactivate p53 by
mutation, and these tumour cells are more resistant to
chemotherapy than are cancer cells that express wild-
type p53 (Scata and El-Deiry, 2007). In addition, the
expressions of wild-type p53 and mutated p53 are regu-
lated by the same promoter, with the wild-type p53
being expressed in MCF-7 cells and the mutant p53
(p53 mutant 280, Arg-Lys) being expressed in MDA-
MB-231 cells (Scata and El-Deiry, 2007). Functional
p53 is important in the p53-dependent pathway leading
to apoptosis. In our study, treatment with ramalin led
to an increase in p53 expression in the MCF-7 cells;
however, in the MDA-MB-231 cells, treatment with
ramalin resulted in a decrease in the expression of dys-
functional p53, suggesting that the apoptosis induced
Copyright © 2015 John Wiley & Sons, Ltd.
by ramalin occurs via a p53-independent pathway.
Nevertheless, our results suggest that ramalin affects
the survival of breast cancer cells that retain the wild-
type p53 or the mutant p53, and these two breast cancer
cell lines with different p53 status show differential
molecular responses to ramalin. However, further stud-
ies are needed to establish the role of p53 in ramalin-
induced apoptosis in this system.

Mitochondria play a crucial role in a cell’s commit-
ment to apoptosis through increased permeability of
the outer mitochondrial membrane, decreased trans-
membrane potential, and release of cytochrome c and
AIF (Burlacu, 2003; Tait and Green, 2010). These
mitochondrial events can be inhibited by anti-apoptotic
Bcl-2 family members (Bcl-2 and Bcl-XL), whereas
pro-apoptotic Bcl-2 family members (Bax, Bak, and
Bad) can trigger these events. We observed mitochon-
drial changes in both types of breast cancer cells. Treat-
ment with ramalin enhanced the release of both AIF
and cytochrome c from the mitochondria to the cytosol.
Because the translocation of Bax to the mitochondrial
membrane can alter the conformational changes and
Phytother. Res. 30: 426–438 (2016)



Figure 9. Inhibition of autophagy enhances ramalin-induced apoptosis. MCF-7 and MDA-MB-231 cells were treated with 100 μg/mL of
ramalin in the presence or the absence of 3-methyladenine (3MA; 1mM) for 24 h. (A) Protein levels were determined by western blot analysis
using the antibodies indicated. β-actin was used as the control for protein loading, and band intensities were quantified by densitometry
using ImageJ software. (B) Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Data shown
are the means ± SEM of at least three independent experiments. * p<0.05 versus ramalin-only treatment. (C) Cells were transfected with
control siRNA and Atg5 siRNA (see Materials and Methods section). Total cell lysates were prepared and subjected to immunoblotting of
Bcl-2, Bax, and β-actin. β-actin was used as an internal control. Data are representative of three independent experiments.
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cause the release of cytochrome c into the cytosol, acti-
vating the caspase cascade that leads to apoptotic cell
death (Finucane et al., 1999), it is plausible that cyto-
chrome c release as induced by ramalin is regulated by
Bax. In our study, the expression of Bax was increased
in the ramalin-treated MCF-7 and MDA-MB-231 cells,
whereas Bcl-2 expression decreased following treatment
with ramalin.
Thus, our results suggest that ramalin induces apopto-

sis in both breast cancer cell lines by the release of
cytochrome c and AIF from the mitochondria by regu-
lating Bcl-2 family proteins. The release of cytochrome
c triggers activation of the caspase cascade from apical
caspases to effector caspases (Finucane et al., 1999).
One of the main consequences of mitochondrial cyto-
chrome c release is the activation of caspase-3, which
is the most frequently activated caspase protease in
apoptotic cells. In this study, caspase-8 and caspase-9
Copyright © 2015 John Wiley & Sons, Ltd.
were activated in both ramalin-treated human breast
cancer cells, and the expression of caspase-3 was also
increased in the ramalin-treated MDA-MB-231 cells;
however, ramalin treatment did not induce activation
of caspase-3 in the MCF-7 cells in accordance with the
previous study in which MCF-7 cells did not express
caspase-3 (Janicke et al., 1998). Based on these findings,
it is conceivable that ramalin-induced apoptosis occurs
through a caspase-3-dependent pathway in MDA-MB-
231 cells and a caspase-3-independent pathway in
MCF-7 cells. Interestingly, our data demonstrate that
in MDA-MB-231 cells, ramalin induced the expression
of AIF, which acts in a caspase-independent manner.
Therefore, this finding suggests that the two pathways
might exist in ramalin-treated MDA-MB-231 cells
during apoptosis. In addition, it has been reported
that the activation of other caspases, such as caspase-6
and caspase-7, is involved in apoptosis induced by a
Phytother. Res. 30: 426–438 (2016)



437REGULATION OFAPOPTOSIS AND AUTOPHAGY BY RAMALIN
variety of different apoptotic stimuli in caspase-3-
deficient MCF-7 cells (Suyama et al., 2007; Chou et al.,
2010; Tsao et al., 2008; Jin et al., 2010; Jang et al.,
2007). Thus, the results presented here suggest that acti-
vation of caspase-6 and caspase-7 may be associated
with ramalin-induced apoptosis in MCF-7 cells.
The interplay between apoptosis and autophagy is

rather complex, but it is a critical factor influencing
outcomes in death-related diseases such as cancer
(Eisenberg-Lerner et al., 2009). However, the relation-
ship between autophagy and cancer remains controver-
sial. In some studies, the autophagic process can help
cancer cells survive despite extremely stressful condi-
tions (Jain et al., 2013), but in other studies, autophagy
may inhibit tumourigenesis (Jin and White, 2007). In
our study, we looked at whether autophagy contributed
to the survival of breast cancer cells during ramalin-
induced apoptosis. Our data showed that the expression
of LC3-II and the accumulation of GFP-LC3 puncta in
the cytosol were increased by treatment with ramalin
in a concentration-dependent manner in the MCF-7
cells and MDA-MB-231 cells. The expression of p62
was also increased in both types of ramalin-treated cells.
Moreover, 3MA or actinomycin D treatment inhibited
the increased expression of autophagy-related genes
in both types of ramalin-treated breast cancer cells,
whereas pretreatment with bafilomycin A1 resulted in
a significantly higher expression of autophagy-related
genes. Thus, these data indicate that ramalin activated
the autophagic process in breast cancer cells. Although
it is widely accepted that p62 gets degraded during the
process of autophagy, our data are in keeping with the
previous notion that an increase in p62 expression is
required for autophagy induction (Wong et al., 2010;
Robert et al., 2009; Puissant et al., 2010; Puissant et al.,
2012). This difference could be due to differences in
the stimuli and the cell types used. Nevertheless, results
of the current study suggest that ramalin could activate
the autophagic process.
In order to determine whether autophagy promoted

either cell survival or cell death in response to treatment
with ramalin, we used pharmacologic and genetic
methods to inhibit autophagy. Cell viability in both
breast cancer cell lines was decreased to a greater extent
by treatment with ramalin plus 3MA than by treatment
with ramalin alone. Furthermore, ramalin combined
Copyright © 2015 John Wiley & Sons, Ltd.
with 3MA caused upregulation of Bax expression and
downregulation of Bcl-2 expression in the MCF-7 and
MDA-MB-231 cells. These data indicate that ramalin-
triggered autophagy was protective. Further support
for this conclusion comes from the observation that inhi-
bition of Atg5 caused the increase in Bax levels and the
decrease in Bcl-2 levels in the breast cancer cells treated
with ramalin. These findings suggest that inhibition of
autophagy can enhance ramalin-induced apoptosis

Recently, many natural products from plants have
been found to induce cell death and autophagy. Treat-
ment with sulforaphane or fisetin resulted in the induc-
tion of apoptosis and the inhibition of autophagy in
breast cancer cells (Kanematsu et al., 2010; Yang et al.,
2012). Based on these findings, it is plausible that
ramalin could act through mechanisms similar to those
of sulforaphane and fisetin. Taken together, these data
suggest that there is crosstalk between ramalin-induced
apoptosis and autophagy in human breast cancer cells.

In summary, this study demonstrates that ramalin
induces apoptosis in MCF-7 and MDA-MB-231 cells
via the mitochondrial pathway and involves the upregu-
lation of Bax and the downregulation of Bcl-2, leading
to the release of cytochrome c and AIF from mitochon-
dria into the cytosol and to the activation of caspase.
Moreover, inhibition of autophagy can enhance
ramalin-induced apoptosis in different human breast
cancer cells. Taken together, our data suggest that
ramalin has the potential to be an effective anticancer
agent for human breast cancer cells irrespective of their
p53 or oestrogen-receptor status. However, further
study is needed to examine the efficacy, concentration,
and mechanism of ramalin as an anticancer agent
in vivo.
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