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Abstract

Cancer stem cells (CSCs) pose a serious obstacle to cancer therapy as they can be respon-
sible for poor prognosis and tumour relapse. In this study, we have investigated inhibitory
activity of the ginger-derived compound 6-shogaol against breast cancer cells both in mono-
layer and in cancer-stem cell-like spheroid culture. The spheroids were generated from
adherent breast cancer cells. 6-shogaol was effective in killing both breast cancer mono-
layer cells and spheroids at doses that were not toxic to noncancerous cells. The percent-
ages of CD44*CD247/°" cells and the secondary sphere content were reduced drastically
upon treatment with 6-shogaol confirming its action on CSCs. Treatment with 6-shogaol
caused cytoplasmic vacuole formation and cleavage of microtubule associated protein
Light Chain3 (LC3) in both monolayer and spheroid culture indicating that it induced autop-
hagy. Kinetic analysis of the LC3 expression and a combination treatment with chloroquine
revealed that the autophagic flux instigated cell death in 6-shogaol treated breast cancer
cells in contrast to the autophagy inhibitor chloroquine. Furthermore, 6-shogaol-induced cell
death got suppressed in the presence of chloroquine and a very low level of apoptosis was
exhibited even after prolonged treatment of the compound, suggesting that autophagy is
the major mode of cell death induced by 6-shogaol in breast cancer cells. 6-shogaol
reduced the expression levels of Cleaved Notch1 and its target proteins Hes1 and Cyclin

D1 in spheroids, and the reduction was further pronounced in the presence of a y-secretase
inhibitor. Secondary sphere formation in the presence of the inhibitor was also further
reduced by 6-shogaol. Together, these results indicate that the inhibitory action of 6-sho-
gaol on spheroid growth and sustainability is conferred through y-secretase mediated
down-regulation of Notch signaling. The efficacy of 6-shogaol in monolayer and cancer
stem cell-like spheroids raise hope for its therapeutic benefit in breast cancer treatment.
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Introduction

Ginger (Zingiber officinale) is a well known herb consumed as a spice and food as well as widely
used as herbal medicine for various ailments. A number of biologically active ingredients
including gingerols and its various derivatives have been identified and synthesized from gin-
ger in recent years. One important class of derivatives are shogaols that are primarily the dehy-
drated products of gingerols and are found exclusively in dried ginger. Among the shogaols,
6-shogaol has achieved a great deal of attention due to its potent anticancer activity against var-
ious cancer cells. It has been shown to induce mitotic arrest and reduce viability of gastric can-
cer cells [1]. Aberrant mitosis followed by apoptosis has also been found to be induced by
6-shogaol in HCT-116 colon cancer cells [2]. In human hepatoma p53 mutant Mahlavu sub-
line, 6-shogaol induces apoptosis via oxidative stress pathway in a caspase dependent mecha-
nism [3]. It has also been shown to induce autophagy in HNSCLC A-549 cells via inhibition of
the AKT/mTOR pathway [4]. In another study, 6-shogaol has been reported to exhibit anti-
invasive effects in breast cancer cells by reducing MMP-9 expression through NF-«B activation
[5]. Recently, PPAR-y dependent apoptosis in MCF-7 and HT-29 cells by 6-shogaol has also
been reported [6]. Additionally, recent studies have implicated microtubule as a possible target
of 6-shogaol as it interacts with the sulphydryl groups of cysteines in tubulin through its side
chain containing the o, B unsaturated carbonyl moiety [7]. All these studies place 6-shogaol as
a promising agent to be studied further in view of its future therapeutic potential in cancer
therapy.

Cancer stem cells play a very important role in cancer development and progression. The
concept of stem cell origin of cancer has been supported by observations that certain subpopu-
lations (only 0.2-1%) of cancer cells have stem cell-like properties, such as the ability to self
renew, continuous differentiation and an overall innate resistance to conventional chemothera-
peutic agents [8]. These chemo-resistant, self-renewing, tumorigenic sub-population of cells
defined as cancer stem cells (CSCs) play crucial roles in cancer recurrence. CSCs have been
identified in various solid tumors including breast, ovarian, head and neck, pancreas, and
colon cancer [9, 10]. Earlier studies demonstrated that the signaling pathways such as Wnt/-
catenin, Notch and Hedgehog pathways regulate the growth of cancer stem cells [11, 12].
Therefore, targeting these pathways is considered to be a useful strategy to inhibit cancer stem
cell regeneration.

Although, CSCs are present in a very small percentage in the total tumour, methods have
been developed to grow them in large population in ex vivo. In appropriate growth conditions,
cancer cells can be made to grow in the form of spheroids. These spheroid-forming cells exhibit
altered cell surface markers when compared to cells grown in monolayer culture and have been
shown to possess stem-cell like properties [10, 13]. These spheroids have been used in a num-
ber of studies to determine the in vitro and in vivo characteristics of cancer stem cells as well as
to assess the inhibitory activity of cytotoxic compounds against cancer stem cells [11, 14, 15].

Several in vitro studies have shown that cancer stem cells are resistant to conventional che-
motherapeutic drugs [8, 16]. Interestingly, a number of dietary compounds like curcumin [14],
piperine [14], sulforaphane [17] have recently been identified to target CSCs. However, various
factors such as toxicity, weak dose response etc. largely limit their application. Since 6-shogaol
has been reported as a potent anticancer agent against various cancer cells, we have investigated
its inhibitory effect on breast cancer cells and cancer stem cell-like spheroids. Here we demon-
strate that 6-shogaol shows anti-proliferative activity against breast cancer cells and spheroids
and suppresses the size and colony forming ability of spheroids by altering the Notch signaling
pathway. Investigation of the death mechanism shows that autophagy is a predominant mode
of cell death caused by 6-shogaol in breast cancer cells.
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Materials and Methods
Materials

6-shogaol (>90%), Taxol (>95%), and DAPT (N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phe-
nylglycine t-butyl ester) (>98%) were purchased from Sigma. Chloroquine (CQ) was from
Molecular Probes, Invitrogen. Fluoromount G was procured from Electron Microscopy Sci-
ences. DAPI (4',6-Diamidino-2-Phenylindole), Giemsa and other fine chemicals were from
Sigma. Chemiluminescent western blotting detection system was from Thermo Scientific.
FITC Annexin V Apoptosis Detection kit was purchased from BD Pharmingen (Cat # 556547).
Ultra low attachment plates were obtained from Corning, USA and MEBM (Mammary Epithe-
lial Basal Media) was procured from Lonza, USA.

Antibodies

PE (Phycoerythrin)-conjugated CD44 (555749) and FITC (Fluorescein Isothiocyanate)-conju-
gated CD24 (555573) antibodies were purchased from BD Biosciences. Antibodies for Cleaved
Notchl (4147S) and Cyclin D1 (IMG-6583A) were procured from Cell Signalling Technology
and Imgenex respectively. Antibodies for PARP were from Cell Signaling Technology (CST-
9544) and Santa Cruz Biotechnology (sc-7150); Bcl-2 (sc-7382), Bax (sc-7480), B-actin (sc-
47778) and Hes1 (sc-166378) were from Santa Cruz Biotechonology. Primary antibody for
LC3A/B (Light Chain 3) (ab-173752) was obtained from Abcam or from Cell Signaling Tech-
nology (CST-12741). Anti-mouse and anti-rabbit HRP were purchased from Sigma. Anti-rab-
bit alexa 488 was from Molecular Probes, USA.

Cell lines

Human metastatic breast adenocarcinoma cell lines MCF-7 and MDA-MB-231 were obtained
from National Cancer Institute, USA (ATCC# HTB-22 and ATCC# HTB-26 respectively).
Human embryonic kidney cell line HEK 293 (ATCC# CRL-1573.3) was obtained from ATCC.
The human immortal keratinocyte cell line HaCaT [18] was obtained from the national reposi-
tory of National Centre for Cell Sciences, Pune, India. Frozen stocks of cells from the reference
stock were made within passage 3 and stored in liquid nitrogen. For experiments, cells were
used within 2 months of revival.

Cell culture

MCE-7 cells, HEK 293 and HaCaT cells were maintained in DMEM/F12 supplemented with
1% sodium pyruvate, 0.2% non-essential amino acids, 1% penicillin-streptomycin and 10%
FBS in a humidified atmosphere containing 5% CO, at 37°C. MDA-MB-231 cells were main-
tained in Leibovitz L-15 media, 1% penicillin-streptomycin and 10% FBS under the same con-
dition. For spheroid culture, Mammary Epithelial Basal Media (MEBM) was supplemented
with 0.001% Epidermal Growth Factor (EGF), 0.001% Insulin, 0.004% Bovine pituitary extract
(BPE) and 0.001% Hydrocortisone. 0.001% Gentamicin sulphate and amphotericin-B were
added as antibiotic-antimycotic [hereafter termed as MEGM (Mammary Epithelial Growth
Media)]. MCF-7 and MDA-MB-231 cells were seeded in ultra low attachment plates using
MEGM as culture medium. After three days of seeding, cells forming spherical clusters were
considered as stable spheroids and used for further experiments.

Immunocytochemistry

To check cell surface marker expressions, monolayer MCF-7 cells were grown on coverslips.
Cells were fixed in Methanol-EDTA (1 mM EDTA) for 10 minutes and rehydrated in PBS.
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After blocking, cells were incubated with PE-conjugated CD44 antibody (1:50) for 3 hours at
room temperature and stained with DAPI (1 ug/ml). MCE-7 spheres in suspension were fixed
in 4% paraformaldehyde for 10 minutes at -20°C and permeabilised in 0.1% triton X-100 for
10 minutes in PBST (PBS with 0.05% Tween-20). Cells were then processed as mentioned
above. Thereafter, cells were mounted on slides with Fluoromount G for imaging.

To check for the induction of autophagy, the MCF-7 monolayer cells were seeded on cover-
slips. 70-80% confluent cells were treated with 6-shogaol or chloroquine. The cells were then
fixed, permeabilized and blocked as mentioned earlier. Thereafter the cells were incubated
overnight with LC3A/B primary antibody (1:100), followed by anti-rabbit alexa 488 secondary
antibody (1:200) for one hour. DAPI staining and mounting were done as above. Visualization
was done under 60X oil immersion objective in a confocal microscope (Nikon Eclipse Ti (A1R)
Japan). Z-stacking was done wherever necessary.

Flow cytometric analysis of cell surface markers

Monolayer cells or spheroids (with or without treatment of 6-shogaol) were dispersed by tryp-
sin-EDTA. Cells were then pelleted down by centrifugation at 1600 rpm for 5 minutes at 4°C
and resuspended in 1 ml of DMEM containing 2% FBS. Fluorescein isothiocyanate (FITC)-
conjugated CD24 monoclonal antibody and phycoerythrin (PE)-conjugated CD44 monoclonal
antibody (BD Biosciences) were added in 1:100 dilution and incubated on ice for 45 minutes in
dark. The cells were then analyzed by flow cytometer (BD FACS Aria II) for the expression of
CD24 and CD44.

Cytotoxicity assay

Monolayer cells (5x10°cells/well) were seeded in quadruplicates in 96 well plates and were
incubated with varying concentrations of 6-shogaol (1-100 uM), taxol (0.2-100 nM) or curcu-
min (4-80 pM). The effect of the drugs on the viability of all the cell lines was quantified by
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide) assay at different time
points after drug treatment using a Biorad Plate reader [19]. The ICs, values were calculated
from the plot of percentage cell viability versus concentration of drug using the nonlinear
regression programme of Origin.

To check the effect of different drugs on the viability of spheroids, cells were seeded at
2.5x10" cells/well in 24-well ultra-low attachment plates and grown as spheroids. After 3 days,
6-shogaol (1-100 pM) or taxol (5 nM-50 uM) or curcumin (2-50 uM) was added to the wells
and MTT assay was performed as explained above. Standard deviation was calculated from
three independent experiments and the data were represented as the average of three
experiments.

Cytotoxicity assay with Chloroquine

Monolayer MCEF-7 cells were incubated for 48 hours with either chloroquine (CQ) or 6-shogaol
individually or in combination and cell viability was checked by MTT assay. Chloroquine was
added 1 hour prior to 6-shogaol addition.

Cell cycle analysis

Cell cycle distribution of cells treated with 6-shogaol was analyzed by flow cytometric measure-
ment of cellular DNA content. MCF-7 cells (5x10° cells/well) were subjected to 6-shogaol
treatment for various time points. Culture media containing detached cells were collected and
attached cells were trypsinized. Cells were pelleted, fixed in 70% (v/v) ethanol and stored at
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4°C. In case of spheroids, cells were treated with different concentrations of 6-shogaol for 48
hours and fixed for further analysis. Before analysis, cells were re-washed with PBS and incu-
bated with 10 pg/ml RNaseA and 400 pg/ml propidium iodide for 30 minutes at 37°C. Data
were analyzed using FACS Diva software.

Formation of primary and secondary sphere

5000 cells/well were seeded in ultra low attachment plates. After 3 days of seeding, the spheres
formed were kept with different concentrations of 6-shogaol and/or 25 uM DAPT for 7 days
and the number of spheres were counted under the microscope. These primary spheres were
dispersed and kept in fresh media without any treatment and counted again after 7 days to
check the ability to regrow into secondary spheres. Control primary spheres were also pro-
cessed similarly for comparison. Spheres were counted in Olympus IX71 microscope using
10X objective.

Western blot experiments

Whole cell lysates were prepared using phospho-lysis buffer containing 10% NP-40, 10% glyc-
erol, 137 mM NaCl, 20 mM Tris-HCI (pH 7.4), 20 mM NaF, 1 mM sodium pyrophosphate, 1
mM sodium orthovanadate, 1% Triton X-100, and 5 mM PMSF in presence of protease inhibi-
tor cocktail (10 pl/ml). Lysates were placed into ice for 1 hour to ensure complete lysis followed
by centrifugation at 14,000 g for 10 minutes and the supernatant was collected. Proteins were
subjected to SDS-PAGE and transferred to polyvinylidene fluoride membrane. The mem-
branes were blocked and incubated overnight with primary antibodies at 4°C followed by incu-
bation with horseradish peroxidase tagged secondary antibodies. The blots were developed
using ECL reagent. The primary antibodies were used in the following dilutions: Cleaved
Notchl (1:2000), Hes1 (1:200), Cyclin D1 (1:400), PARP (1:500 for sc) and (1:1000 for CST),
LC3A/B (1:500), Bcl-2 (1:1000), Bax (1:1000) and B-actin (1:2000). B-actin was used as loading
controls.

DAPI staining for studying apoptosis

Cells were seeded on cover slips. 70-80% confluent cells were treated with 6-shogaol (15 uM)
for 48 hours and 72 hours. Cells were washed with PBS, fixed with Methanol-EDTA for 10
minutes at -20°C followed by rehydration with PBS at room temperature and incubated with
1 pg/ml DAPI. Mounted coverslips were visualised at 40X magnification under fluorescence
microscope (Olympus IX71). Apoptotic cells were counted from five different fields.

AnnexinV/PI staining for studying apoptosis

Apoptosis was quantified by using a FITC Annexin V Apoptosis Detection kit according to
manufacturer’s instructions. MCF-7 cells were treated with 15 uM and 25 puM of 6-shogaol for
24, 48 and 72 hours, respectively. Attached and floating cells were collected and analyzed by a
flow cytometer (BD FACS Aria II).

Giemsa staining

Cells were seeded in 35 mm glass bottom dishes. 70-80% confluent cells were treated with
6-shogaol (15 uM) for 48 hours. Both control and treated cells were washed with PBS, fixed in
methanol-EDTA, rehydrated in PBS and incubated for 1 hour in Giemsa stain. Cells were air
dried and imaged in Olympus IX71 fluorescent microscope under 40X objective.
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Statistical Analysis

Densitometry was conducted for all the western blots using BD Quantity One software (Bio-
Rad). Normalisation was done according to the loading control and fold change was calculated
with respect to the control. For graphs, results are depicted as mean =+ standard error of mean
or standard deviation (calculated from two or more experiments). The p-values were obtained
using Student’s unpaired t-test and p < 0.05 was considered to be statistically significant.

Results

6-shogaol has been shown to exert inhibitory effect on various cancer cell lines and animal dis-
ease models [20, 21]. To check whether 6-shogaol is effective on breast cancer stem cells, we
generated model stem cell-like spheroids from two types of breast cancer cell lines, ER/PR posi-
tive MCF-7 and triple negative MDA-MB-231. The cells were grown in low attachment plates
with conditioned media that promote non-adherent growth. Under these conditions, the cells
became subsequently organized as clusters of spherical cells. After 3 days of growth, the clusters
were considered as stable spheroids. All the further experiments were performed under these
conditions.

Expression of CD44/CD24 in spheroids

Differential expression of cell surface markers between monolayer cells and CSCs help to select
CSCs within the tumour. CD44 and CD24 are cell surface glycoproteins that play a major role
in both cell adhesion and migration. Earlier studies have shown that breast cancer cells contain
stem-cell like cells exhibiting CD44*CD24 /™ marker expression and these cells possess more
than 50 fold increased tumorigenic capacity when compared to the other cells of tumour mass
[13, 16, 22]. It has been reported that cultured mammospheres also exhibit stem cell like prop-
erties with characteristic CD44*CD24 /"% expression [23, 24]. We therefore checked whether
the spheroids generated by us possessed this phenotype. Immunofluorescence images showed
that expression of CD44 [Fig 1A(i)] was significantly higher in the spheroids generated from
MCE-7 cells than in the monolayer MCF-7 cells. Concomitant with this, flow cytometric analy-
sis also showed significantly high CD44 and low CD24 expression in spheroid forming cells
than in monolayer cells [Fig 1A(ii)].

Further, it has been demonstrated that stem cell-like spheroids are capable of generating
next generation (secondary) spheres and possess the ability to differentiate along multiple line-
ages [25]. Spheroids generated by us also exhibited the property of formation of secondary
spheres as shown in Fig 1B. These spheroids were used for further experiments to investigate
the effect of 6-shogaol on cancer stem-like cells.

Cytotoxicity study of 6-shogaol against monolayer and spheroid cells

The anti-proliferative activities of 6-shogaol on monolayer cells and spheroids were quantitated
by MTT assay in two cell lines, MCF-7 and MDA-MB-231. Cells were treated with increasing
concentrations of 6-shogaol for 48 hours and then the cell viability was measured. The ICs, val-
ues are shown in Table 1. Taxol, a drug widely used in breast cancer treatment, and curcumin,
a compound earlier shown to be effective in inhibiting cancer stem-like spheroids [14], were
used for comparison. The results showed that for both the cell types, 6-shogaol was effective in
spheroids at concentrations that were 5 or 2 fold higher than the effective inhibitory concentra-
tions in monolayer cells. In contrast, taxol, even though was highly active in monolayer cells,
did not show activity against the spheroids even at 10000 fold higher concentration compared
to 6-shogaol (Table 1). Curcumin was also found to be effective against MCF-7 spheroids as
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Fig 1. Characterization of breast cancer stem cell like spheroids. (A) Expression of cell surface markers CD44 and CD24 in MCF-7 monolayer and
spheroids. (i) Immunofluorescence images showing expression of CD44 in MCF-7 monolayer cells (upper panel) and in MCF-7 spheroid cells (lower panel).
Cells were stained with PE-conjugated CD44 antibody and imaged as described in the methods section. (ii) Flow cytometric analyses of CD44/CD24 in
monolayer MCF-7 cells (left panel) and in MCF-7 spheroids (right panel). (B) Formation of primary and secondary spheres by MCF?7 cells. Image was taken in
10X in an Olympus IX71 microscope.

doi:10.1371/journal.pone.0137614.g001
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Table 1. Cytotoxic activity of 6-shogaol in breast cancer cells and spheroids and in noncancerous cells. Different concentrations of drugs were
added one day and three days after seeding for monolayer and spheroids respectively. ICso was determined from MTT assay results after 48 hours using the
nonlinear regression programme of Origin. Standard deviations from three different experiments are shown.

MCF-7 monolayer cells
MCF-7 spheroid
MDA-MB-231 monolayer cells
MDA MB-231 spheroid
HaCaT cells

HEK 293 cells

doi:10.1371/journal.pone.0137614.t001

6- shogaol [IC5] Taxol [ICs] Curcumin [IC5]
7.94+0.57 uM 4.92+0.71 nM 37.14+0.85 uM
39.52+0.62 M >50 uM 7.27+0.54 uM
5.67+0.73 uyM 2.86 £0.66 nM Not checked
11.1840.83 uM >20 uM Not checked
103.84+0.67 uM 42.67+0.75 nM 10.4+0.87 uM
69.97+0.52 uM 103.79+0.48 nM 23.06+0.68 uM

reported earlier [14]. The results also showed that 6-shogaol was ~3 fold more potent against
MDA-MB-231 spheroids than against MCF-7 spheroids. The inhibitory effect of all the three
compounds on non-cancerous cell lines, HEK 293 and HaCaT were also tested (Table 1). The
ICs data showed that the noncancerous cells tolerated significantly higher doses of 6-shogaol
compared to the cancer cells in both monolayer and spheroid culture conditions. Non-cancer-
ous cells were quite resistant to taxol when compared with its efficacy in the monolayer breast
cancer cells. In contrast, curcumin did not exhibit any resistance to noncancerous cells as com-
pared to its action on breast cancer cells and spheroids. Thus the action of 6-shogaol on breast
cancer spheroids is superior to taxol or curcumin considering the fact that it inhibits spheroids
at concentrations which are safe to non cancerous cells.

The changes in size of the spheroids generated from MCF-7 and MDA-MB-231 cells after
treatment with 6-shogaol are shown (Fig 2A). Interestingly, MDA-MB-231 cells formed rela-
tively loose and less rounded spheroids than those of MCEF-7 cells, which was probably the rea-
son for better penetration and more effectiveness of 6-shogaol in MDA-MB-231 spheroids than
MCEF-7 spheroids. This also indicated that 6-shogaol might need longer time to penetrate into
MCE-7 spheroids. We thus investigated the effect of prolonged treatment of low dose of 6-sho-
gaol (range of ICs, and below) on the viability of MCF-7 spheroids. The experiments were per-
formed under three sets of 6-shogaol concentrations, 40 uM (ICs), 20 uM (¥ IC5,), and 10 pM
(% ICsp). The spheroids formed after 3 days of seeding were treated with 6-shogaol and further
the effect on the cell viability were measured after every two days till the 8th day. 6-shogaol
reduced the viability of the spheroids in a time dependent manner (Fig 2B). On day 4, 10 M,
20 uM and 40 pM 6-shogaol inhibited cell viability by ~35%, 56%, and 83% respectively. After 6
days, 10 pM 6-shogaol treatment resulted in 46% inhibition. Likewise, to check the effect of pro-
longed treatment of 6-shogaol on non-cancerous cells, HEK 293 and HaCaT cells were treated
with 6-shogaol for 6 days. However, in these cells the IC5, values showed no significant decrease
up to 6 days when compared with 2 days of treatment. The results showed that both the cell
lines could tolerate considerably high concentration of 6-shogaol till day 6 (Fig 2C).

Cell cycle analysis of 6-shogaol treated cells

To understand the mechanism of action of 6-shogaol, its effect on cell cycle progression was
analysed by flow-cytometry. Monolayer cells were treated with 16 M (2xICs) of 6-shogaol
for different time points. As evident from DNA content measurement, 6-shogaol induced cell
cycle arrest at G2/M phase (Fig 3A). After 24 and 48 hours of treatment, percentage of cells in
the G2/M phase increased from 29% (control) to 48% and 55%, respectively.

Effect of 6-shogaol on cell cycle of MCF-7 spheroid cells was also analysed by flow cytome-
try. Spheroids were treated with different concentrations (0-50 uM) of 6-shogaol for 48 hours.
25 pM of 6-shogaol treatment exhibited 42% G2/M arrest as compared with 24% in control.
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Fig 2. Inhibitory effect of 6-shogaol on MCF-7 and MDA-MB-231 breast cancer spheroids. (A): Breast cancer spheroids with or without treatment. MCF-
7 spheroids with 40 uM of 6-shogaol (upper panel); MDA-MB-231 spheroids with 11 uM 6-shogaol (lower panel). (B): Prolonged effect of different
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** refers p < 0.005; * refers p < 0.05. (C): Prolonged effect of 6-shogaol on noncancerous cell lines HEK 293 and HaCaT. The error bars represent the
standard error of mean from three different experiments. The differences among the different treatment periods up to 6 days were found to be insignificant.

doi:10.1371/journal.pone.0137614.9002

However, G2/M percentage was found to decrease when treated with 50 uM 6-shogaol. It was
observed that the cells in the Sub G1 phase increased gradually with increased 6-shogaol con-
centration (Fig 3B), indicating that like in monolayer cells, 6-shogaol treatment led to the
spheroid cell death in a concentration dependent manner.
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Fig 3. Effect of 6-shogaol on cell cycle of MCF-7 cells / spheroids. (A): Cell cycle analysis of MCF-7 cells treated with 16 uM 6-shogaol (2xICs) for
different time points. (B): Cell cycle analysis of MCF-7 spheroid cells with different concentrations of 6-shogaol for 48 hours. The histogram is a
representative of three independent experiments for both monolayer and spheroid cells. Bar graph represents percentage of cells in different phases of cell
cycle. Error bars represent standard error of mean and have been calculated from three different experiments. *** denotes p < 0.001; ** denotes p < 0.005
and * denotes p < 0.05.

doi:10.1371/journal.pone.0137614.9003
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Cell death mechanism induced by 6-shogaol

Next, we examined whether the cell death induced by 6-shogaol in breast cancer cells was due
to apoptosis. Apoptotic cell death is characterized by hallmark changes like chromatin conden-
sation, membrane blebbing, DNA fragmentation as well as cleavage of the DNA repair protein
PARP (Poly-ADP-Ribose Polymerase).

As measured by chromatin condensation in MCF-7 cells, only 19% and 28% apoptosis was
observed after 48 and 72 hours of 25 uM 6-shogaol treatment, respectively (Fig 4A and 4B).
We also quantified 6-shogaol induced apoptosis by other apoptotic markers like staining of
phosphatidyl serine by annexin V-FITC and Bcl-2/Bax ratio. Annexin V/PI flow-cytometric
assay detected only 11% of early apoptotic cells (Annexin positive/PI negative) after 48 hours
of 25 uM 6-shogaol treatment on MCF-7 cells (Fig 4C and S1A Fig), even though both 15 uM
and 25 uM 6-shogaol treatments resulted in a large amount of cell death (consisting of late apo-
ptotic (Annexin positive/PI positive) cells and cells dead by other mechanisms (PI positive/
Annexin negative) after 72 hours (S1A Fig). Bcl-2/Bax ratio also showed decrease only after 72
hours treatment of very high concentration (25 M) of 6-shogaol (Fig 4D). Further, western
blotting detected PARP cleavage in MCF-7 cells treated with 15 uM and 25 uM of 6-shogaol
only after 72 hours of treatment (Fig 4E and S1B Fig). However, in breast cancer spheroids, we
were not able to detect appreciable amount of apoptosis after 40 M of 6-shogaol treatment
even upto 72 or 96 hours. Further higher concentrations could not be tried due to massive cell
loss. These results indicated that even after prolonged treatment, 6-shogaol induced apoptosis
only partially in MCEF-7 cells. We then examined whether any other cell death mechanism was
induced by 6-shogaol.

Several studies have reported the activation of autophagy in response to various anticancer
agents. Autophagy is characterized by massive degradation of portions of cytoplasm and intra-
cellular organelles by forming Acidic Vesicular Organelles (AVO). Recruitment of the microtu-
bule associated protein Light Chain3 (LC3) to autophagosomes as LC3-I and subsequent
formation of LC3-II upon lipidation are also considered as early events of autophagy [26].
Autophagy is a complex cellular process which can be both pro-survival and pro-death. Several
stress conditions may induce this evolutionarily conserved process to give survival advantage
to the cells and thus, the autophagy inhibitors may cause apoptosis by inhibiting these survival
signals [26, 27]. However, it has also been found that several external agents use autophagy as
an alternate mode of cell death in absence of prominent apoptosis [4, 28].

As shown in Fig 5, 48 hours treatment of 6-shogaol induced a large number of cytoplasmic
vacuoles in MCEF-7 cells (top and middle panels). Further, immunocytochemical analysis using
an antibody against LC3 showed that 6-shogaol induced lipid modification of LC3-I into
LC3-11, as characterized by the punctate localization of LC3 to autophagosomes in these cells
(Fig 5, lower panel). Chloroquine (CQ), a drug approved by FDA, has been known to initiate
massive autophagic response. But it inhibits the fusion of lysosomes to autophagosomes,
thereby preventing autophagic progress and cell survival [29]. Chloroquine also induced cyto-
plasmic vacuoles in MCE-7 cells (Fig 5, top and middle panel) and massive punctuation of LC3
in the autophagosomes (Fig 5, lower panel).

However, increase in LC3-II signal may arise due to either increase in autophagic flux or
due to defects in the downstream process of fusion of autophagosome and lysosome thereby
inhibiting autophagic processing and degradation of LC3-II, as is seen in the cases of autopha-
gic inhibitors chloroquine or baffilomycin.

We examined whether 6-shogaol increased autophagic flux or induced any defect in autop-
hagic processing after autophagosome formation in two ways. Immunofluoresence experi-
ments at different time points detected increase in LC3 punctae upto 48 hours followed by
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p < 0.005; * refers p < 0.05. (D): Western blot showing expression of Bcl-2 and Bax upon 6-shogaol treatment. (E): Western blot showing reduction in the
mother band of 116 kDa and formation of 85 kDa cleaved band of PARP upon treatment with the indicated concentrations of 6-shogaol after 72 hours. Blot
was probed with sc-7150 PARP antibody. B-actin is the loading control for all the blots. All the blots are representative of three independent experiments.

doi:10.1371/journal.pone.0137614.g004

PLOS ONE | DOI:10.1371/journal.pone.0137614 September 10,2015

12/22



D)
@ : PLOS | ONE 6-Shogaol Inhibits Breast Cancer Cells and Spheroids

Control Chloroquine 6-shogaol : 15 pM

el

—
10 pm

Fig 5. Induction of autophagy by 6-shogaol. MCF-7 cells were treated with 6-shogaol (15 pM) or chloroquine (50 uM) for 48 hours. Top panel: Bright field
image (20X) of control and treated cells. Arrow heads indicates cytoplasmic vacuolization. Middle panel: Giemsa stained cells where arrows point towards
vacuoles. Bottom panel: Cells were stained with LC3A/B primary antibody and immunocytochemistry was conducted as described in the Methods section.
Green punctate staining in the 6-shogaol or chloroquine treated cells shows the localization of LC3 in autophagosomes. Cell nuclei are labelled blue (DAPI).
The scale bar represents 10 um for all the three panels.

doi:10.1371/journal.pone.0137614.9005

decrease at 72 hours in case of 6-shogaol treatment. In contrast, continuous increase in LC3
accumulation with time was observed in case of chloroquine, indicating that unlike chloro-
quine treatment, LC3 got processed with time for 6-shogaol treatment (Fig 6A). Further, we
used a low concentration of chloroquine in combination with 5 and 15 pM of 6-shogaol and
checked the effect on LC3-II accumulation by western blotting. Since chloroquine is an autop-
hagy inhibitor, an increase in LC3 content in the combination compared to 6-shogaol alone
would indicate that autophagic flux generated by 6-shogaol is inhibited by chloroquine. We
indeed found a significant increase in LC3-II expression in the combination of 5 and 15 uM of
6-shogaol with chloroquine (3.3 and 3.43 fold increase) when compared with the treatment of
6-shogaol alone (1.8 and 2.1 fold) (Fig 6B).

Further, to check the role of autophagy in the cell death induced by 6-shogaol, we used the
autophagy inhibitor chloroquine, in a low concentration that limited the cell death induced by
chloroquine itself. 5 uM chloroquine alone or in combination with 6-shogaol (1-9 uM) was
added to MCF-7 cells and kept for 48 hours prior to analysis of the cell viability by MTT assay.
Combination of chloroquine and 6-shogaol decreased the cell death percentage drastically
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CQ and 6-shogaol in the indicated concentrations. After 48 hours, cell viability was checked by MTT assay. The error bars represent the standard deviation
from three different experiments. ** denotes p < 0.005. (D): Western blotting was conducted with cell lysates of MCF-7 spheroids after 40 yM 6-shogaol
treatment as detailed in the Methods section. Cleavage of LC3I to LC3Il was observed in the MCF-7 spheroid cells. Housekeeping gene B-actin was used as
loading control. LC3lII expression was quantitated and fold increase with respect to the control has been indicated.

doi:10.1371/journal.pone.0137614.9006

from that of the cells treated with 6-shogaol alone (Fig 6C). The decrease in cell death percent-
age correlated with the increase in LC3 in combinations, indicating that cell death induced by
6-shogaol is dependent on the completion of autophagy.

Thus the results indicate that autophagy is a prominent mode of cell death triggered by
6-shogaol, although a modest amount of apoptosis was found in the cells after prolonged
6-shogaol treatment.

LC-3 cleavage upon 6-shogaol treatment was also observed in MCF-7 spheroids (Fig 6D).
All these results imply that autophagy is induced by 6-shogaol treatment in breast cancer.

Confirmation of 6-shogaol action on CSC like spheroid cells

The results so far indicated an inhibitory action of 6-shogaol on both breast cancer monolayer
cells and spheroids. However, a possibility still remains that in a spheroid culture, 6-shogaol
might actually work on the population of cells which don’t have stem cell-like characteristics
and all the effects depicted so far are due to its action on mass cancer cells without stem cell-
like phenotype. To rule out this possibility, we checked the expression levels of cell surface
markers of breast cancer spheroids in the presence and absence of 6-shogaol. We also verified
the effect of 6-shogaol on secondary sphere formation, a property which is strictly exhibited by
cancer stem cell-like cells.

Flow cytometric analysis of breast cancer spheroids treated with 40 uM 6-shogaol for 18
hours (Fig 7A) showed that the percentage of cells characterized by CD44*CD24 /¥ were sub-
stantially less in the treated spheroids when compared to the untreated ones (2.3% vs. 27.3%).

We next examined whether 6-shogaol was able to suppress the number and size of the
spheres and if the effect of the compound was exhibited in the next generation of the spheres
also. The MCEF-7 spheroids at their stable growth condition after 3 days of seeding were treated
with 1-40 uM of 6-shogaol and after 7 days of continuous treatment, the number of spheroid
colonies were counted for each 6-shogaol concentration. A drastic reduction in the number of
spheroid colonies was observed in a concentration dependent way. For example, average 96
spheroid colonies were found in control wells in the absence of 6-shogaol, whereas the average
number of colonies was reduced to 48 (2 fold) with the treatment of only 1 pM 6-shogaol. Only
4 colonies were observed under the treatment of 40 uM 6-shogaol resulting a 24 fold inhibition
(Fig 7B).

Next, the ability of the primary spheroids to grow as the next generation spheroids (second-
ary spheroids) was checked. The primary spheroids remaining after 1 week of continuous treat-
ment with 6-shogaol were disaggregated and allowed to grow in fresh media without 6-shogaol
for another week. While the control (generated without 6-shogaol treatment) primary spheroid
cells produced ~ 55 secondary spheroid colonies, 1, 5 and 10 uM 6-shogaol-treated primary
colonies were able to generate only a few secondary colonies with 71%, 80% and 94.5% inhibi-
tion, respectively (Fig 7B). Not a single secondary sphere was found at concentrations above
10 uM of 6-shogaol, indicating that 6-shogaol completely abolished the regeneration ability of
the spheroids. Taken together, the results demonstrate that 6-shogaol effectively inhibits breast
cancer spheroids.
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Fig 7. Confirmation of the action of 6-shogaol on breast cancer spheroids. (A): Flow cytometric analysis
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6-shogaol for 18 hours (right lower panel). (B): Effect of different concentrations of 6-shogaol on primary and
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doi:10.1371/journal.pone.0137614.g007
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Effect of 6-shogaol on Notch signaling pathway

Notch signaling is known to be actively involved in stem cell self-renewal. It has also been
found to be deregulated in most solid cancers including breast cancer [30, 31]. Notch signaling
is activated when notch ligands (Delta, Delta like, Jagged1 and Jagged2) from one cell bind to
the notch transmembrane (Notch1 to Notch4) receptor on the adjacent cells [30, 32]. This pro-
cess usually initiates the y-secretase mediated proteolytic cleavage of the Notch intracellular
domain (NICD) which then translocates into the nucleus [30] and activates variety of Notch
target genes such as Hes1 (Hairy enhancer of split) and Cyclin D1.

To check whether Notch pathway is involved in 6-shogaol-mediated suppression of spher-
oids, the spheroid cells were treated with 25 uM of 6-shogaol upto 4 days and checked for the
possible interference of Notch pathway. Treatment of 6-shogaol (25 uM) significantly reduced
the cleavage of Notchl1 as evident from the time-dependent reduction of cleaved Notch1 (110
kDa) (Fig 8A). The expression levels of Notch targets, Hes1 (30 kDa) and Cyclin D1 (34 kDa)
also gradually decreased with time. Further we have investigated the mechanism of inhibition
of spheroids by 6-shogaol treatment using DAPT, a y-secretase inhibitor. While both DAPT
and 6-shogaol individually reduced the cleavage of Notchl and down-regulated the Notch tar-
get proteins Hesl and Cyclin D1, a combination of DAPT and 6-shogaol had an additive effect
and exhibited further reduction in the expression of these proteins (Fig 8B).

The effect of DAPT on formation of primary and secondary spheres was also checked. As
shown in Fig 8C, the number of primary spheres was reduced to similar extents by individual
treatments of 25 uM DAPT and 5 uM 6-shogaol. However, 6-shogaol was somewhat more
effective in reducing the secondary spheres compared to DAPT. The combined treatment of
DAPT and 6-shogaol further reduced the number of spheres as compared with the individual
treatments. The results indicate that 6-shogaol inhibits the breast cancer spheroid formation
by altering Notch signaling pathway through y-secretase inhibition.

Discussion

Cancer stem cells pose serious obstacle to cancer therapy as they can be responsible for poor
prognosis and tumour relapse. To add into the misery, very few chemotherapeutic compounds
show promise to kill these cells. Several researchers have shown that cancer stem cells are resis-
tant to paclitaxel, doxorubicin, 5-fluorouracil, and platinum drugs [8, 16]. CSCs are thus an
almost unreachable population in tumours for chemotherapy. Therefore any compound, that
shows promise towards cancer stem cells, is a highly desirable step towards cancer treatment
and should be followed up for further development.

Dietary compounds are welcome options for human diseases due to their time-tested
acceptability by human bodies. Curcumin [33], quercetine [34], garlic products [35], ginger
products [36] are some of them which show very high potency in many human diseases includ-
ing cancer. In this study we have found that the ginger product 6-shogaol was effective in breast
cancer cells in monolayer culture and spheroid culture in comparable concentrations and in
conditions where taxol, even though highly effective in monolayer cells, was completely ineffec-
tive (Table 1). The effective concentrations of 6-shogaol were also safe to noncancerous cells as
shown from the significantly higher ICs, values in case of HEK 293 and HaCaT cells even after
6 days (Table 1 and Fig 2C). The breast cancer spheroids generated by us under specific culture
conditions showed altered levels of the breast CSC markers CD44*CD247/*". These cells also
showed secondary sphere forming capacity. 6-shogaol could drastically reduce the percentage
of cells expressing the markers as well as the secondary sphere formation showing that it really
could target the cancer stem cell like cells.
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error bars represent the standard error of mean from three different experiments. *** denotes p < 0.001.

doi:10.1371/journal.pone.0137614.g008

Cell cycle analysis of 6-shogaol treated cells showed G2/M arrest in both monolayer and
spheroids. This is expected as 6-shogaol has been shown to interact with microtubules causing
a mitotic block [7]. However, the percentage of apoptotic cells induced in MCF-7 monolayer
cells was rather low as determined by different apoptotic assays. Further, apoptosis occurred
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only by a 2-3 times higher ICs, concentration of 6-shogaol. In spheroid culture, we couldn’t
see considerable apoptotic cells even after 96 hours at a concentration slightly higher than the
ICs. However, massive cell death at that concentration and beyond indicated other mecha-
nisms of cell death.

Autophagy is considered as a basic survival mechanism of cells under stress. However,
many reports show that autophagy is induced with a death trigger. Debate is still going on
whether autophagy is another cell death mechanism besides apoptosis or cells die with autop-
hagy using it as an effort to survive [37]. Induction of autophagy in 6-shogaol treated breast
cancer cells was proved by cytoplasmic vacuole formation as well as the recruitment and cleav-
age of the microtubule associated protein Light Chain3 (LC3). As apoptosis was found to be a
minor mode of cell death in these cells, the role of autophagy in 6-shogaol treatment needed
further perusal. Our kinetic study of LC3 accumulation as well as combination studies with the
autophagy inhibitor chloroquine (CQ) for LC3 accumulation and cell death convincingly
proved that autophagy was the predominant cell death mechanism induced by 6-shogaol in
breast cancer cells. A former report also showed that 6-shogaol was able to cause autophagy in
HNSCLC A-549 cells and autophagy was the death mechanism in those cells in absence of apo-
ptosis [4].

Several earlier studies have shown that dietary compounds which are used as anticancer
agents, exhibited their interference with self-renewal pathways. Sulforaphane, curcumin and
piperine inhibited Wnt pathway in breast cancer stem cells [14, 17]. Curcumin showed Notch
pathway inhibition in esophageal cancer cells [38]. Notch signaling plays an important role in
the development of mammary gland and is activated in stem cell self-renewal and differentia-
tion [12, 39]. Many solid tumours including breast tumour also show deregulated Notch signal-
ing [30, 40, 41]. 6-shogaol was found to interfere with the Notch pathway. Further, in our
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Fig 9. A schematic diagram showing the action of 6-shogaol on breast cancer cells and spheroids.

doi:10.1371/journal.pone.0137614.g009
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study, combination of the y-secretase inhibitor DAPT and 6-shogaol resulted in further reduc-
tion of the expression of Notch and its target proteins (Fig 8B) when compared to the reduction
by either DAPT or 6-shogaol alone. The combination also gave rise to lesser number of pri-
mary and secondary spheres than those generated from the individual treatments (Fig 8C).
This indicates that even though both DAPT and 6-shogaol inhibited y-secretase, their action
was not competitive. y-secretase mediated downregulation of Notch signaling followed by
reduction in Notchl downstream products like Hes1 and cyclin D1 by 6-shogaol thus explain
its efficacy in breast cancer spheroid cells.

An earlier pharmacokinetic study [42] of 6-shogaol and three gingerols on healthy humans
reported that after p.o. (orally administered) dosing, all these compounds were absorbed.
These compounds were later found to be metabolized as glucuronide and sulfate conjugates.
No serious adverse effects were seen on those persons after ingestion of a single dose of 2 g of
standardized ginger extract. A former report also showed that 6-shogaol was not toxic to nor-
mal cells like MRC5, NP69, HaCaT and HMEC [6]. Our results on immortalized noncancerous
cells thus supported that 6-shogaol did not have potent cytotoxicity to normal cells.

Our study shows the efficacy of 6-shogaol on both breast cancer monolayer cells and spher-
oids (a scheme shown in Fig 9) by interfering with stem cell self-renewal pathway. This report
thus places it as a promising therapeutic agent which should be further followed up for breast
cancer treatment.

Supporting Information

S1 Fig. Limited induction of apoptosis by 6-shogaol treatment for different time periods
on MCEF-7 cells. (A) Annexin V-FITC flow cytometry profile; (B) Cleavage of PARP by West-
ern blot probed with CST-9544 antibody.

(TIF)

S2 Fig. Full Length Blot for Fig 4D and 4E.
(TIF)

S$3 Fig. Full Length Blot for Fig 6B.
(TTF)

S4 Fig. Full Length Blot for Fig 6D.
(TIF)

S5 Fig. Full Length Blot for Fig 8A.
(TIF)

S6 Fig. Full Length Blot for Fig 8B.
(TIF)

Acknowledgments

The authors are thankful to Dr. Tessy Thomas Maleikal for her valuable suggestions on the
work and RGCB Core Facilities for their help.

Author Contributions

Conceived and designed the experiments: AR SS. Performed the experiments: AR SV. Analyzed
the data: AR SV SS. Wrote the paper: AR SV SS.

PLOS ONE | DOI:10.1371/journal.pone.0137614 September 10,2015 20/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137614.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137614.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137614.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137614.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137614.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137614.s006

@’PLOS ‘ ONE

6-Shogaol Inhibits Breast Cancer Cells and Spheroids

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Ishiguro K, Ando T, Maeda O, Ohmiya N, Niwa Y, Kadomatsu K, et al. (2007) Ginger ingredients reduce
viability of gastric cancer cells via distinct mechanisms. Biochem Biophys Res Commun 362: 218-223.
PMID: 17706603

Gan FF, Nagle AA, Ang X, Ho OH, Tan SH, Yang H, et al. (2011) Shogaols at proapoptotic concentra-
tions induce G(2)/M arrest and aberrant mitotic cell death associated with tubulin aggregation. Apopto-
sis 16: 856—867. doi: 10.1007/s10495-011-0611-3 PMID: 21598039

Chen CY, Liu TZ, Liu YW, Tseng WC, Liu RH, Lu FJ, et al. (2007) 6-shogaol (alkanone from ginger)
induces apoptotic cell death of human hepatoma p53 mutant Mahlavu subline via an oxidative stress-
mediated caspase-dependent mechanism. J Agric Food Chem 55: 948-954. PMID: 17263498

Hung JY, Hsu YL, Li CT, Ko YC, Ni WC, Huang MS, et al. (2009) 6-Shogaol, an active constituent of
dietary ginger, induces autophagy by inhibiting the AKT/mTOR pathway in human non-small cell lung
cancer A549 cells. J Agric Food Chem 57:9809-9816. doi: 10.1021/jf902315e PMID: 19799425

Ling H, Yang H, Tan SH, Chui WK, Chew EH (2010) 6-Shogaol, an active constituent of ginger, inhibits
breast cancer cell invasion by reducing matrix metalloproteinase-9 expression via blockade of nuclear
factor-kappaB activation. BrJ Pharmacol 161:1763-1777. doi: 10.1111/.1476-5381.2010.00991.x
PMID: 20718733

Tan BS, Kang O, Mai CW, Tiong KH, Khoo AS, Pichika MR, et al. (2013) 6-Shogaol inhibits breast and
colon cancer cell proliferation through activation of peroxisomal proliferator activated receptor gamma
(PPARgamma). Cancer Lett 336: 127—139. doi: 10.1016/j.canlet.2013.04.014 PMID: 23612072

Ishiguro K, Ando T, Watanabe O, Goto H (2008) Specific reaction of alpha,beta-unsaturated carbonyl
compounds such as 6-shogaol with sulfhydryl groups in tubulin leading to microtubule damage. FEBS
Lett 582: 3531-3536. doi: 10.1016/j.febslet.2008.09.027 PMID: 18805415

Alvero AB, Chen R, Fu HH, Montagna M, Schwartz PE, Rutherford T, et al. (2009) Molecular phenotyp-
ing of human ovarian cancer stem cells unravels the mechanisms for repair and chemoresistance. Cell
Cycle 8:158-166. PMID: 19158483

Prince ME, Sivanandan R, Kaczorowski A, Wolf GT, Kaplan MJ, Dalerba P, et al. (2007) Identification
of a subpopulation of cells with cancer stem cell properties in head and neck squamous cell carcinoma.
Proc Natl Acad SciU S A 104: 973-978. PMID: 17210912

Zhang S, Balch C, Chan MW, Lai HC, Matei D, Schilder JM, et al. (2008) Identification and characteriza-
tion of ovarian cancer-initiating cells from primary human tumors. Cancer Res 68: 4311-4320. doi: 10.
1158/0008-5472.CAN-08-0364 PMID: 18519691

Liu S, Dontu G, Wicha MS (2005) Mammary stem cells, self-renewal pathways, and carcinogenesis.
Breast Cancer Res 7: 86—95. PMID: 15987436

Dontu G, Jackson KW, McNicholas E, Kawamura MJ, Abdallah WM, Wicha MS (2004) Role of Notch
signaling in cell-fate determination of human mammary stem/progenitor cells. Breast Cancer Res 6:
R605-615. PMID: 15535842

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF (2003) Prospective identification of
tumorigenic breast cancer cells. Proc Natl Acad Sci U S A 100: 3983-3988. PMID: 12629218

Kakarala M, Brenner DE, Korkaya H, Cheng C, Tazi K, Ginestier C, et al. (2010) Targeting breast stem
cells with the cancer preventive compounds curcumin and piperine. Breast Cancer Res Treat 122:
777-785. doi: 10.1007/s10549-009-0612-x PMID: 19898931

Ray A, Meng E, Reed E, Shevde LA, Rocconi RP (2011) Hedgehog signaling pathway regulates the
growth of ovarian cancer spheroid forming cells. Int J Oncol 39: 797-804. doi: 10.3892/ij0.2011.1093
PMID: 21701772

Fillmore CM, Kuperwasser C (2008) Human breast cancer cell lines contain stem-like cells that self-
renew, give rise to phenotypically diverse progeny and survive chemotherapy. Breast Cancer Res 10:
R25. doi: 10.1186/bcr1982 PMID: 18366788

LiY, Zhang T, Korkaya H, Liu S, Lee HF, Newman B, et al. (2010) Sulforaphane, a dietary component
of broccoli/broccoli sprouts, inhibits breast cancer stem cells. Clin Cancer Res 16: 2580—2590. doi: 10.
1158/1078-0432.CCR-09-2937 PMID: 20388854

Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A, Fusenig NE (1988) Normal kera-
tinization in a spontaneously immortalized aneuploid human keratinocyte cell line. J Cell Biol 106:
761-771. PMID: 2450098

Mosmann T (1983) Rapid colorimetric assay for cellular growth and survival: application to proliferation
and cytotoxicity assays. J Immunol Methods 65: 55-63. PMID: 6606682

Hu R, Zhou P, Peng YB, Xu X, Ma J, Liu Q, et al. (2012) 6-Shogaol induces apoptosis in human hepato-
cellular carcinoma cells and exhibits anti-tumor activity in vivo through endoplasmic reticulum stress.
PLoS One 7:e€39664. doi: 10.1371/journal.pone.0039664 PMID: 22768104

PLOS ONE | DOI:10.1371/journal.pone.0137614 September 10,2015 21/22


http://www.ncbi.nlm.nih.gov/pubmed/17706603
http://dx.doi.org/10.1007/s10495-011-0611-3
http://www.ncbi.nlm.nih.gov/pubmed/21598039
http://www.ncbi.nlm.nih.gov/pubmed/17263498
http://dx.doi.org/10.1021/jf902315e
http://www.ncbi.nlm.nih.gov/pubmed/19799425
http://dx.doi.org/10.1111/j.1476-5381.2010.00991.x
http://www.ncbi.nlm.nih.gov/pubmed/20718733
http://dx.doi.org/10.1016/j.canlet.2013.04.014
http://www.ncbi.nlm.nih.gov/pubmed/23612072
http://dx.doi.org/10.1016/j.febslet.2008.09.027
http://www.ncbi.nlm.nih.gov/pubmed/18805415
http://www.ncbi.nlm.nih.gov/pubmed/19158483
http://www.ncbi.nlm.nih.gov/pubmed/17210912
http://dx.doi.org/10.1158/0008-5472.CAN-08-0364
http://dx.doi.org/10.1158/0008-5472.CAN-08-0364
http://www.ncbi.nlm.nih.gov/pubmed/18519691
http://www.ncbi.nlm.nih.gov/pubmed/15987436
http://www.ncbi.nlm.nih.gov/pubmed/15535842
http://www.ncbi.nlm.nih.gov/pubmed/12629218
http://dx.doi.org/10.1007/s10549-009-0612-x
http://www.ncbi.nlm.nih.gov/pubmed/19898931
http://dx.doi.org/10.3892/ijo.2011.1093
http://www.ncbi.nlm.nih.gov/pubmed/21701772
http://dx.doi.org/10.1186/bcr1982
http://www.ncbi.nlm.nih.gov/pubmed/18366788
http://dx.doi.org/10.1158/1078-0432.CCR-09-2937
http://dx.doi.org/10.1158/1078-0432.CCR-09-2937
http://www.ncbi.nlm.nih.gov/pubmed/20388854
http://www.ncbi.nlm.nih.gov/pubmed/2450098
http://www.ncbi.nlm.nih.gov/pubmed/6606682
http://dx.doi.org/10.1371/journal.pone.0039664
http://www.ncbi.nlm.nih.gov/pubmed/22768104

@’PLOS ‘ ONE

6-Shogaol Inhibits Breast Cancer Cells and Spheroids

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bak MJ, Ok S, Jun M, Jeong WS (2012) 6-shogaol-rich extract from ginger up-regulates the antioxidant
defense systems in cells and mice. Molecules 17: 8037-8055. doi: 10.3390/molecules17078037
PMID: 22763741

Ponti D, Zaffaroni N, Capelli C, Daidone MG (2006) Breast cancer stem cells: an overview. Eur J Can-
cer 42:1219-1224. PMID: 16624548

Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF, Kawamura MJ, et al. (2003) In vitro propa-
gation and transcriptional profiling of human mammary stem/progenitor cells. Genes Dev 17: 1253—
1270. PMID: 12756227

Grimshaw MJ, Cooper L, Papazisis K, Coleman JA, Bohnenkamp HR, Chiapero-Stanke L, et al. (2008)
Mammosphere culture of metastatic breast cancer cells enriches for tumorigenic breast cancer cells.
Breast Cancer Res 10: R52. doi: 10.1186/bcr2106 PMID: 18541018

Dontu G, Al-Hajj M, Abdallah WM, Clarke MF, Wicha MS (2003) Stem cells in normal breast develop-
ment and breast cancer. Cell Prolif 36 Suppl 1: 59-72. PMID: 14521516

Carew JS, Espitia CM, Esquivel JA 2nd, Mahalingam D, Kelly KR, Reddy G, et al. (2011) Lucanthone is
a novel inhibitor of autophagy that induces cathepsin D-mediated apoptosis. J Biol Chem 286: 6602—
6613. doi: 10.1074/jbc.M110.151324 PMID: 21148553

Klarer AC, O'Neal J, Imbert-Fernandez Y, Clem A, Ellis SR, Clark J, et al. (2014) Inhibition of 6-phos-
phofructo-2-kinase (PFKFB3) induces autophagy as a survival mechanism. Cancer Metab 2: 2. doi:
10.1186/2049-3002-2-2 PMID: 24451478

Gozuacik D, Kimchi A (2007) Autophagy and cell death. Curr Top Dev Biol 78:217-245. PMID:
17338918

Verschooten L, Barrette K, Van Kelst S, Rubio Romero N, Proby C, De Vos R, et al. (2012) Autophagy
inhibitor chloroquine enhanced the cell death inducing effect of the flavonoid luteolin in metastatic squa-
mous cell carcinoma cells. PLoS One 7: e48264. doi: 10.1371/journal.pone.0048264 PMID: 23110223

Miele L, Golde T, Osborne B (2006) Notch signaling in cancer. Curr Mol Med 6: 905-918. PMID:
17168741

Farnie G, Clarke RB (2007) Mammary stem cells and breast cancer—role of Notch signalling. Stem
Cell Rev 3: 169-175. PMID: 17873349

Miele L (2006) Notch signaling. Clin Cancer Res 12: 1074—1079. PMID: 16489059

Aggarwal BB, Sundaram C, Malani N, Ichikawa H (2007) Curcumin: the Indian solid gold. Adv Exp Med
Biol 595: 1-75. PMID: 17569205

Pahlke G, Ngiewih Y, Kern M, Jakobs S, Marko D, Eisenbrand G (2006) Impact of quercetin and EGCG
on key elements of the Wnt pathway in human colon carcinoma cells. J Agric Food Chem 54: 7075—
7082. PMID: 16968065

Banerjee SK, Maulik SK (2002) Effect of garlic on cardiovascular disorders: a review. NutrJ 1:4.
PMID: 12537594

Shukla Y, Singh M (2007) Cancer preventive properties of ginger: a brief review. Food Chem Toxicol
45: 683-690. PMID: 17175086

Kroemer G, Levine B (2008) Autophagic cell death: the story of a misnomer. Nat Rev Mol Cell Biol 9:
1004—-1010. doi: 10.1038/nrm2529 PMID: 18971948

Subramaniam D, Ponnurangam S, Ramamoorthy P, Standing D, Battafarano RJ, Anant S, et al. (2012)
Curcumin induces cell death in esophageal cancer cells through modulating Notch signaling. PLoS
One 7:e30590. doi: 10.1371/journal.pone.0030590 PMID: 22363450

Artavanis-Tsakonas S, Rand MD, Lake RJ (1999) Notch signaling: cell fate control and signal integra-
tion in development. Science 284: 770-776. PMID: 10221902

Dievart A, Beaulieu N, Jolicoeur P (1999) Involvement of Notch1 in the development of mouse mam-
mary tumors. Oncogene 18: 5973-5981. PMID: 10557086

Brennan K, Brown A.M.C. (2003) Is there a role of Notch signaling in human breast cancer? Breast
Cancer Res 5:69-75. PMID: 12631384

Zick SM, Djuric Z, Ruffin MT, Litzinger AJ, Normolle DP, Alrawi S, et al. (2008) Pharmacokinetics of 6-
gingerol, 8-gingerol, 10-gingerol, and 6-shogaol and conjugate metabolites in healthy human subjects.
Cancer Epidemiol Biomarkers Prev 17: 1930-1936. doi: 10.1158/1055-9965.EPI-07-2934 PMID:
18708382

PLOS ONE | DOI:10.1371/journal.pone.0137614 September 10,2015 22/22


http://dx.doi.org/10.3390/molecules17078037
http://www.ncbi.nlm.nih.gov/pubmed/22763741
http://www.ncbi.nlm.nih.gov/pubmed/16624548
http://www.ncbi.nlm.nih.gov/pubmed/12756227
http://dx.doi.org/10.1186/bcr2106
http://www.ncbi.nlm.nih.gov/pubmed/18541018
http://www.ncbi.nlm.nih.gov/pubmed/14521516
http://dx.doi.org/10.1074/jbc.M110.151324
http://www.ncbi.nlm.nih.gov/pubmed/21148553
http://dx.doi.org/10.1186/2049-3002-2-2
http://www.ncbi.nlm.nih.gov/pubmed/24451478
http://www.ncbi.nlm.nih.gov/pubmed/17338918
http://dx.doi.org/10.1371/journal.pone.0048264
http://www.ncbi.nlm.nih.gov/pubmed/23110223
http://www.ncbi.nlm.nih.gov/pubmed/17168741
http://www.ncbi.nlm.nih.gov/pubmed/17873349
http://www.ncbi.nlm.nih.gov/pubmed/16489059
http://www.ncbi.nlm.nih.gov/pubmed/17569205
http://www.ncbi.nlm.nih.gov/pubmed/16968065
http://www.ncbi.nlm.nih.gov/pubmed/12537594
http://www.ncbi.nlm.nih.gov/pubmed/17175086
http://dx.doi.org/10.1038/nrm2529
http://www.ncbi.nlm.nih.gov/pubmed/18971948
http://dx.doi.org/10.1371/journal.pone.0030590
http://www.ncbi.nlm.nih.gov/pubmed/22363450
http://www.ncbi.nlm.nih.gov/pubmed/10221902
http://www.ncbi.nlm.nih.gov/pubmed/10557086
http://www.ncbi.nlm.nih.gov/pubmed/12631384
http://dx.doi.org/10.1158/1055-9965.EPI-07-2934
http://www.ncbi.nlm.nih.gov/pubmed/18708382

