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Red ginseng extract (RGE) has been reported to exert numerous anti-cancer and other
therapeutic effects. Breast cancer cells that express stem-cell associated markers
acquire enhanced invasiveness and resistance to chemo-/radiotherapy. In this study, I
investigated whether RGE and its pharmacologically active ingredient Rg3 could
modulate manifestation of breast cancer stem cell-like properties through regulation of
self-renewal signaling. The sphere-forming assay is widely used for identifying stem
cells based on their self-renewal capacity. RGE significantly reduced the number and
the size of spheroids (mammospheres) in human breast cancer (MCF-7 and
MDA-MB-231) cells. Tumorigenic breast cancer stem cells (CSCs) are characterized
by enhanced proportion of CD44+/CD24- cells. RGE successfully reduced the
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CD44+/CD24- populations in a concentration-dependent manner. Furthermore, Rg3,
one of the major components of RGE, also reduced the number and the size of
mammospheres and the proportion of CD44+/CD24- breast cancer cells. To investigate
the mechanism whereby Rg3 regulates the breast cancer stem-like properties, I
determined the expression of Sox-2 and Bmi-1 which are involved in self-renewal and
stem cell maintenance. Rg3 treatment significantly decreased the expression of these
proteins in MCF-7 and MDA-MB-231 mammospheres. Notably, the inhibition of Akt,
a kinase that plays a major role in maintaining stem-like properties, resulted in
down-regulation of Sox-2 and Bmi-1. In conclusion, RGE and its active ingredient Rg3
inhibit the manifestation of breast cancer stem cell-like properties through suppression
of Akt-mediated self-renewal signaling.

Keywords : Bmi-1, Breast cancer stem cells, Red ginseng extract (RGE), Rg3,
Self-renewal, Sox-2
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Introduction

According to global statistics, breast cancer is the most frequently diagnosed
malignancy and the leading cause of cancer-related death in women worldwide (1).
The previous report suggested that women with triple-negative breast cancer displayed
an increased likelihood of recurrence (2). There are several breast cancer targeted
therapies, but the projected rate of breast cancer and its relapse are still forecasted to
continuously increase (3).
The frequent incidence of the spread of breast cancer exhibits the distinct
characteristics. A previous report demonstrated that the recurrence rate was higher in
patients with CD44-positive and CD24-negative breast cancer stem cells (CSCs) (4). In
addition, normal cells harbouring CSC markers have characteristics elicited by the
triple negative subtype of breast cancer (5). It is speculated that the failure of
pre-existing cancer treatment may be due to the presence of CSCs which exist in a
small population within a tumor microenvironment. There are numerous factors in the
host microenvironment that trigger the initial steps of tumor progression, and CSCs are
responsible for cancer initiation, progression, metastasis, recurrence and drug
resistance (6). For those reasons, CSC-targeted therapies, which accentuate their
efficacy in eliminating the fundamental cause of cancer rather than the bulk of tumor,
have attracted special attention (7).
Self-renewal capacity is essential for maintaining cancer stem-like features and
sustaining mother stem cell property (8). Likewise, stem-like breast cancer cells also
1

display such a unique feature of stem cells with their ability to undergo self-renewal
divisions (8). One of the molecular signatures of stem-like breast cancer cells is
up-regulated expression of Bmi-1 (9). Bmi-1 is a member of the Polycomb Group
family that acts as an epigenetic modifier involved in the maintenance of CSCs (10).
Accumulating evidence demonstrates that Bmi-1 is highly enriched in stem-like breast
cancer cells and is indispensable for regulation of self-renewal signaling (9, 11). Sox-2,
a well-established regulator of cell fate during development, also contributes
significantly to the maintenance of CSCs. It has been reported that the over-expression
of Sox-2 in CSCs presents the coherent induction of self-renewal signaling, eventually
leading to tumorigenicity and CSC progression (12). Based on these findings, Bmi-1
and Sox-2 are considered to lie in the central node of self-renewal machinery, which
embraces their prominent roles in the cancer stem-like field.
Recently, natural products have emerged as the potential sources for prevention
and treatment of cancer. Red ginseng extract (RGE) has been used in Asian countries
due to its remedial effects in allergy, skin protection, inflammation, diabetes, etc.
(13-16). Among the different components of RGE, ginsenosides are known to be
responsible for the majority of its biological activities. It has been reported that the
ginsenoside Rg3 has the cytotoxic potency towards cancer (17). 20-(S)-Rg3 exhibits
direct anti-cancer properties by inhibiting tumor growth and inducing apoptotic cell
death, suggesting the therapeutic potential of this ginsenoside in the management of
cancer (18, 19). Nonetheless, the underlying mechanism by which Rg3 regulates the
signal transduction pathway involved in maintenance of CSCs and manifestation of
2

their characteristics still remains to be largely explored. Therefore, I investigated the
effects of the ginsenoside Rg3 on breast cancer stem-like properties in the context of
its contribution to self-renewal signaling.
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Materials and Methods

Reagents and antibodies
RGE and the ginsenoside 20-(S)-Rg3 were supplied by the Korean Ginseng Corporation
(KGC, Daejeon, Korea). Dulbecco’s modified Eagle’s medium (DMEM), Rosewell
Park Memorial Institue (RPMI) 1640 medium, Dulbecco’s modified Eagle Medium
Nutrient Mixture F-12 (DMEM/F-12) were purchased from Gibco BRL (Grand Island,
NY, USA). Fetal Bovine Serum (FBS) was purchased from GenDEPOT (Barker, TX,
USA). TRIzol® was obtained from Invitrogen (Carlsbad, CA, USA). Primary antibodies
for Bmi-1, Sox-2, p-Akt (S473), Akt and extracellular signal-regulated kinase (ERK)
were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies
against β-actin and p-ERK were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Antibodies against CD24 and hypoxia inducible factor-1α (HIF-1α) were
purchased from BD Biosciences (Bedford, MA, USA). Antibody against CD44 was
purchased from eBioscience (San Diego, CA, USA). The Akt inhibitor (LY294002) was
purchased from TOCRIS (Bristol, United Kingdom). Bicinchoninic acid (BCA) protein
assay reagent was a product of Pierce Biotechnology (Rockfold, IL, USA).

Cell culture
Human breast cancer MCF-7 and MDA-MB-231 cell lines obtained from Korean Cell
Line Bank (Seoul, Korea) were maintained at 37°C in a humid atmosphere of 5% CO2,
95% air in RPMI and DMEM, respectively. Each medium contains 10% FBS and 1%
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antibiotics.

Mammosphere formation assay
For mammosphere formation from the parent cells, MCF-7 and MDA-MB-231 cells
were cultured in a serum free DMEM/F12 medium supplemented with B27 (GIBCO),
20 ng/mL epidermal growth factor (EGF; Sigma-Aldrich, St. Louis, MO, USA), 20
ng/mL basic fibroblast growth factor (b-FGF; PeproTech, Rocky Hill, NJ, USA) and 4
ng/mL heparin (Sigma-Aldrich). Primary mammospheres were seeded at a density of 1
x 104 cells/mL in 100 mm ultralow attachment plates (Corning, NY, USA) for 7
consecutive days, and 2 mL of medium was added every 2-3 days. To culture secondary
mammospheres, primary mammospheres were gently collected and dissociated into a
single-cell suspension using 40 µm strainer. Single cells were counted and then seeded
again for another 5 days with addition of 2 mL medium every 2-3 days. Using the same
experimental method, tertiary mammospheres were generated with or without RGE/Rg3
treatment. The number of mammospheres formed (> 100 µm) was counted at indicated
times using a microscope.

Flow cytometry analysis
MDA-MB-231 cells were collected and washed with phosphate-buffered saline (PBS),
and dissociated with Accutase solution (Sigma-Aldrich). Cells were then counted and
washed with PBS containing 2% FBS and 0.1% Tween-20. Cells were stained with
CD24-PE and CD44-APC for 30 min at 4°C. After incubation, cells were collected and
5

washed with PBS again. Cells were dissociated into single cells by using 40 µm strainer,
and then the population of CD44+/CD24- cells was measured using BD FACSCalibur
(Becton Dickinson Biosciences, San Jose, USA).

ALDEFLUOR Assay
The ALDEFLUORTM kit (StemCell Technologies, Durham, NC, USA) was used to
identify the cells that express high levels of the enzyme aldehyde dehydrogenase
(ALDH). The control and Rg3 treated MCF-7 mammospheres were obtained and
suspended in 1 mL of ALDEFLUOR Assay Buffer containing the ALDH substrate
(BAAA) at a density of 1 x 105 cells/mL. For ALDH negative control, vehicle-treated
MCF-7

mammospheres

were

incubated

with

an

ALDH

specific

inhibitor,

diethylaminobenzaldehyde (DEAB), to assess background fluorescence. The samples
were incubated for 30 min at 37°C. The sorting gates were established by eliminating
the cells stained positive with ALDH in a negative control group. Data were analyzed
by the FACScalibur (Becton Dickinson Biosciences)

Western blot analysis
Cells were washed with cold PBS, and the pellet was collected. Cells were suspended in
1X cell lysis buffer [20 mM Tris-HCL (p.H 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1
mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1
mM Na3VO4, 1 µg/mL leupeptin] (Cell signaling, Danvers, MA, USA) enriched with
0.1 mM PMSF and protease inhibitor (Roche, Basel, Switzerland) and incubated on ice
6

for 30 min. After centrifugation at 13,000 g for 15 min, supernatant was collected as
whole cell lysate.
For nuclear and cytosolic extractions, cell pellets were suspended in hypotonic
buffer A [10 mM HEPES (pH7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol
(DTT), 0.2 mM PMSF]. After incubation for 10 min on ice and centrifugation at 5,200 g
for 6 min, supernatant was collected as a cytosolic fraction. The residual pellets were
suspended in hypertonic buffer C [20 mM HEPES (pH7.8), 1.5 mM MgCl2, glycerol,
420 mM NaCl, 0.5 mM DTT, 0.2 mM PMSF, 0.2 mM EDTA] and incubated on ice for
30 min.
The protein yield was determined using the BCA protein assay kit. Lysates
containing equal amounts of protein were prepared and analyzed by sodium dodecyl
sulfate-polyacrylamide

gel

electrophoresis

(SDS-PAGE).

Proteins

that

were

electrophoresed were transferred to polyvinylidene fluoride membranes (Gelman
Laboratory, Ann Arbor, MI, USA). The blots were then blocked with 5% fat-free dry
milk-TBST (Tris-based saline buffer containing 0.1% Tween-20) buffer for 1 h at room
temperature and probed using the indicated primary antibody overnight (1/5000 dilution
for β-actin and 1/1000 for the rest). The blots were then washed with TBST buffer three
times for 10 min each. Washed blots were incubated with 1:5000 diluted
HRP-conjugated secondary antibody (Thermoscientific). The blots were washed again
three times with TBST buffer for 10 min each, and the transferred proteins were then
detected after incubation with ECL substrate detection reagent.
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Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated from paclitaxel-resistant MDA-MB-231 mammospheres by
using TRIzol® reagent according to the manufacturer’s protocol (Invitrogen, Carlsbad,
CA, USA). To generate cDNA, 1 µg of total RNA was used for reverse transcription
with murine leukemia virus reverse transcriptase (Promega, Madison, WI, USA) and
amplified in sequential reactions using SolgTM 2X Taq (SolGent). PCR was carried out
in a thermos-cycler using specific primers for Sox-2 (30 cycles, 52°C), Bmi-1 (26 cycles,
55°C) and Actin (30 cycles, 60°C). The primer sequences used for each RT-PCR
reactions are as follows (forward and reverse, respectively):
Bmi-1, 5’ – CCA GGG CTT TTC AAA AAT – 3’ and 5’ – GCA TCA CAG TCA TTG
CTG CT – 3’ ; Sox-2, 5’ – GCC GGC GGC AAC CAG AAA AAC – 3’ and 5’ – CCG
CCG GGG CCG GTA TTT ATA – 3’ ; Actin, 5’ – CCC CAG GCA CCA GGG CGT
GAT – 3’ and 5’ – GGT CAT CTT CTC GCG GTT GGC CTT GGG GT – 3’.
Amplification products were resolved by 2% agarose gel electrophoresis.

Transient transfection of HIF-1α siRNA
Tertiary MCF-7 mammospheres were seeded at a density of 1 x 104 cells/mL in 6-well
ultra-low attachment plate in complete growth media. HIF-1α siRNA (50 nM) was
transfected into tertiary MCF-7 mammospheres with lipofectamin RNAiMAX reagents
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The
target sequence for human HIF-1α siRNA was 5’ – GUGGUUGGAUCUAACACUA –
3’ (forward) and 5’ – UAGUGUUAGAUCCAACCAC – 3’ (reverse). siRNA
8

oligonucleotide targeting HIF-1α was purchased from Bioneer (Daejeon, Korea).

Migration assay
MDA-MB-231 cells were seeded at a density of 1 x 105 cells/mL separately into the two
wells of an insert. One day after incubation, the insert was removed at a confluence of
80-90% and RGE of 2.5 mg/mL was treated. The migratory capability of the cells was
monitored, and the distance between each well/edge was measured after 48 h under the
microscope (Nikon, Tokyo, Japan).

Cell viability assay
MCF-7 and MDA-MB-231 cells were counted and seeded at a density of 8,000 cells/48
well for 72 h and paclitaxel-resistant MDA-MB-231 cells at 1.6 x 104 cells/48 well for
48 h. One day after seeding, the cells were incubated with different concentrations of
RGE, Rg3, or paclitaxel for indicated time periods. Thiazolyl blue tetrazolium bromide
(Sigma, St. Louis, MO, USA) was then treated at a final concentration of 0.5 mg/mL
and incubated for 2 h. The MTT reagent was removed, and DMSO was added to
solubilize the formazan crystals formed. The absorbance per well was measured at 570
nm using a micro-plate reader (Bio-Rad Laboratories, Hercules, California, USA).

Animal study
Animal experiments were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals, and approved by the Institutional Animal Care and Use
9

Committee of Seoul National University.
Breast cancer lung metastasis model – Five-week-old BALB/c mice were obtained and
acclimatized for 1 week under standard temperature, humidity, and timed lighting
conditions at the animal care facility. 4T1-luc cells were prepared and injected directly
into the tail vein of mice in 0.1 mL PBS. Water and RGE (100 mg/kg) were orally
administrated once every other day for 2 weeks for control and treatment group,
respectively. Oral administration began 1 day after tumor injection.
Bioluminescence Imaging – Mice received luciferin via intraperitoneal (i.p.) injection
were anesthetized and imaged in the IVIS Spectrum CT System (Caliper Life Sciences,
Hopkinton, MA, USA).
Breast Cancer flank xenograft model – Four-week-old BALB/c nu/nu mice were
purchased and housed at the same facility mentioned above. After 1 week of adaptation,
paclitaxel-resistant MDA-MB-231 cells were injected subcutaneously into both sides of
the flank at a density of 1 x 106 cells/mL in PBS/matrigel (1:1, v:v) in 150 µL total
volume. Nine days after tumor injection, mice were given vehicle (10% DMSO, 40%
PEG, and 50% H2O) or Rg3 (5 mg/kg or 20 mg/kg) intraperitoneally once per day for 2
weeks. Tumor volumes were calculated according to the formula: length x width x 0.52.
Mice were sacrificed after 5 weeks of tumor injection (2 weeks after the final Rg3
treatment).

Statistical analysis
Data were represented as means of ± SD of three independent experiments. Statistical
10

analysis between groups were determined by the Student’s t test, and a P < 0.05 was
considered to be statistically significant.
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Results

RGE decreases the viability of breast cancer cells
The components of RGE were identified as shown in Table 1. I initially examined the
effect of RGE on the viability of breast cancer (MCF-7 and MDA-MB-231) and
normal mammary epithelial (MCF-10A) cells. Treatment of the cells with RGE at
relatively low concentrations (0.5 and 1 mg/mL) did not affect the cell viability.
However, incubation of 5 mg/mL of RGE for 48 h resulted in a cytotoxic effect in both
breast cancer cells and to a lesser extent, in normal mammary epithelial cells (Fig. 1).
Therefore, in determining the effects of RGE on self-renewal activity of breast
stem-like cells, noncytotoxic concentrations (1 and 2.5 mg/mL) were used.

RGE reduces the mammosphere formation and attenuates stemness properties of
breast cancer cells
The mammosphere formation assay is a widely used method for identifying stem cells
based on self-renewal activity (20). To generate mammospheres, breast cancer cells
were cultured on ultra-low attachment surface plates enriched with serum-free stem
cell media through serial passages. To investigate whether RGE could decrease the
number of sphere forming colonies, MCF-7 and MDA-MB-231 secondary
mammospheres were incubated with different concentrations of RGE (1 and 2.5
mg/mL) for 5 days. As a result, RGE significantly decreased the number and the size
of MCF-7 and MDA-MB-231 mammospheres in a concentration-dependent manner
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(Fig. 2A). These results suggest that RGE could inhibit self-renewal ability of
stem-like breast cancer cells.
The different cell populations within a tumor can be identified according to the
signature of proteins expressed on the surface of a particular cell. For example,
CD44+/CD24- MDA-MB-231 cells possess capability to undergo malignant
transformation. MDA-MB-231 cells were treated with different concentrations of RGE
(1 and 2.5 mg/mL) for 24 h, and then the populations of CD44+/CD24- were measured
by flow cytometry. Treatment of MDA-MB-231 cells with RGE reduced the proportion
of CD44+/CD24- cells in a concentration-dependent fashion, suggesting that RGE
significantly abrogated manifestation of cancer stem-like properties (Fig. 2B)

RGE

reduces

the

expression

of

self-renewal

signaling

molecules

and

phosphorylation of Akt in MCF-7 mammospheres
Self-renewal is the predominant signaling that modulates the regeneration of tumor in
all aspects (11). It has been reported that Bmi-1 plays an important role in regulation of
self-renewal signaling (21, 22) and that overexpression or deregulation of Bmi-1 is
frequently found in human breast cancer tissues (7). Moreover, the transcription factor
Sox-2 is essential for maintaining self-renewal of tumor initiating cells (23). Because
tertiary mammospheres bear most of the fundamental features of CSCs, such as
self-renewal capacity, expression of Sox-2 and Bmi-1 in tertiary mammospheres was
compared to that of the parent breast cancer (MCF-7) cells. Mammospheres exhibited
the increased protein expression of Sox-2 and Bmi-1, which was decreased by RGE
13

treatment (Fig. 3, left). These results suggest that RGE is likely to modulate
self-renewal ability of stem-like breast cancer cells through inhibition of Sox-2 and
Bmi-1 signaling.
It has been reported that the PI3K/Akt signaling pathway regulates expression of
polycomb group proteins, such as Bmi-1, in hematopoietic stem cells to maintain
self-renewal capacity (24, 25). Under the same experimental condition, I observed that
MCF-7 mammospheres expressed higher phosphorylation form of Akt than did the
parent

cells.

When MCF-7

mammospheres

were treated with RGE,

the

phosphorylation of Akt markedly declined, whereas ERK activation remained
unchanged (Fig. 3, right).

RGE suppresses the migration and metastasis of breast cancer cells in vivo
A subpopulation of cancer cells that retain stem-like properties are capable of
conducting tumor initiation, invasion and dissemination to distant areas (26, 27). The
effect of RGE on the migration of MDA-MB-231 cells was assessed by use of the
wound-healing migration assay. As shown in Fig. 4A, the migratory capability of
MDA-MB-231 cells was attenuated by RGE treatment for 48 h. The anti-metastatic
potential of RGE was further verified in vivo by using murine mammary carcinoma
4T1-Luc cells whose localization was monitored based on bioluminescence imaging.
The previous studies have demonstrated that the tail vein injection of 4T1 cells in mice
best suits the animal model for studying lung metastasis of breast cancer cells (28).
4T1-Luc cells were injected intravenously via tail vein into the BALB/c mice, and then
14

RGE (100 mg/kg) was administered by gavage once every other day for two weeks.
Oral administration of RGE (100 mg/kg) lowered the lung metastatic tumor burden
(Fig. 4B).

Rg3 reduces the viability of breast cancer cells
Rg3

is

one

of

the

major

components

of

RGE,

and

has

a

chemopreventive/chemotherapeutic potential (19, 29, 30). In an initial experiment, the
effect of Rg3 on the viability of breast cancer cells was examined. MCF-7 and
MDA-MB-231 cells were incubated with different concentrations of Rg3 (25, 50, and
100 μM) for 72 h. As shown in Fig.5, Rg3 reduced the viability of both MCF-7 and
MDA-MB-231 cells in a concentration-dependent manner whereas it barely caused
cytotoxicity to normal mammary epithelial (MCF-10A) cells. To determine the
self-renewal ability of stem-like breast cancer cells, a non-toxic concentration (25 μM)
of Rg3 was used.

Rg3 inhibits the mammosphere formation and alleviates ALDH activity of MCF-7
mammospheres
MCF-7 mammospheres were incubated with different concentrations of Rg3 (10, 25,
and 50 μM) for 5 days. Rg3 treatment decreased the number and the size of MCF-7
mammospheres in a concentration-dependent manner (Fig. 6A), suggesting that Rg3
has a potential to inhibit the self-renewal capacity of CSCs.
The Aldefluor assay is widely used to identify the stem-like breast cancer cells
15

with elevated ALDH activity. ALDH catalyzes the oxidation of intracellular aldehydes
and plays a major role in the maintenance of stem-like breast cancer cells (31). The
stem-like breast cancer cells containing ALDH-positive subpopulation have the
capacity to self-renew and regenerate tumor (31, 32). Rg3 (25 μM) was treated twice
for 5 days during the third-mammosphere formation. A specific inhibitor of ALDH,
DEAB, was utilized for measuring the background enzyme activity of negative control
group. The ALDH activity, which was elevated in the absence of its inhibitor, was
markedly suppressed upon Rg3 treatment (Fig. 6B).

Rg3 inhibits the number of sphere forming colonies and CD44+/CD24- population of
MDA-MB-231 cells
After confirming that Rg3 treatment inhibited the self-renewal capacity in MCF-7
mammospheres, a similar effect was assessed in MDA-MB-231 mammospheres.
Different concentrations of Rg3 (10, 25 and 50 μM), when treated to MDA-MB-231
mammospheres, reduced the number and the size of colonies (Fig. 7A). Subsequently,
I investigated the effect of Rg3 treatment on the specific proportion of stem-like
proteins expressed on the surface of MDA-MB-231 cells. As mentioned above,
CD44+/CD24- cells are characterized by cancer stem cell-like properties (33). Rg3
treatment decreased the proportion of CD44+/CD24- cells in a concentration-dependent
manner. (Fig. 7B).

Rg3 reduces the expression of self-renewal signaling molecules in stem-like breast
16

cancer cells
Sox-2 and Bmi-1 are known as self-renewal regulators (21, 23). As illustrated in Fig.
8A and 8B, MCF-7 and MDA-MB-231 mammospheres displayed the enhanced
protein expression of Sox-2 and Bmi-1 compared to that of the each parent cells, and
this was inhibited in the presence of Rg3 (25 μM) for 5 days.

Rg3 inhibits the PI3K signaling pathway that regulates self-renewal signaling
Apart from the representative self-renewal molecules such as Sox-2 and Bmi-1, Akt
has also been suggested as a master regulator of self-renewal capability in CSCs (24).
Moreover, a recent study has demonstrated the critical role of the ERK pathway in cell
survival and drug resistance of cancer (34). To further elucidate the molecular basis for
the inhibition of self-renewal capacity by Rg3, its effect on the activity of Akt and
ERK in MCF-7 mammospheres was explored. As illustrated in Fig. 9A, Rg3 treatment
strongly suppressed the phosphorylation of Akt which constitutively overexpressed in
MCF-7 mammospheres. However, neither phosphorylation nor expression of ERK was
altered by Rg3 treatment under the same experimental conditions. In order to
determine whether Akt is involved in self-renewal pathway, the PI3K inhibitor,
LY294002, was utilized to block Akt activity. The pharmacological inhibition of Akt
abolished the expression of Sox-2 and Bmi-1 (Fig. 9B) and further reduced the number
of and the size of MCF-7 mammospheres (Fig. 9C). These results support the notion
that the PI3K signaling pathway modulates breast stem cell-like properties via
regulation of self-renewal signaling.
17

HIF-1α acts as a potential regulator of Akt-mediated self-renewal signaling in
MCF-7 mammospheres
A question that still needs to be addressed is how Akt regulates self-renewal signaling
in stem-like breast cancer cells. As seen in the present study, Akt acts as an upstream
signaling molecule that modulates the expression of Sox-2 and Bmi-1. To validate the
correlation between Akt and self-renewal signaling, I examined a possible candidate
that could regulate the downstream molecules, Sox-2 and Bmi-1. Notably, HIFs
up-regulates the expression of stem-cell associated molecules in order to promote
further dedifferentiation and confer stem-cell like properties, such as self-renewal (35,
36). HIF-1α is a well known transcription factor which acts by binding to the
consensus sequence, HIF-responsive elements (HREs), present in promotors of target
genes (37). The nuclear accumulation of HIF-1α was significantly higher in MCF-7
mammospheres compared to that of MCF-7 parent cells. In addition, treatment of Rg3
and the Akt inhibitor blocked the nuclear localization of HIF-1α in MCF-7
mammospheres (Fig. 10A). The ablation of HIF-1α expression by use of siRNA
reduced the expression of Sox-2 and Bmi-1 in MCF-7 mammospheres (Fig. 10B), and
reduced the number and the size of MCF-7 sphere formation compared to those of the
control (Fig. 10C).

Co-treatment of Rg3 with a chemotherapeutic agent exhibits synergistic effects in
breast cancer cells
18

Paclitaxel is an anti-cancer drug which penetrates tumor and enhances the apoptotic
response in breast cancer (38). In addition to identifying the anti-cancer effects of Rg3,
I further determined whether co-treatment of Rg3 with paclitaxel could have any
synergistic effect in breast cancer cells. The combinational treatment of Rg3 and
paclitaxel significantly reduced the cell viability more effectively than that achieved by
treatment with each agent alone (Fig. 11). Combination index (CI) also verified the
synergistic effect of co-treatment of Rg3 and paclitaxel in both breast cancer cells.

Rg3

inhibits

the

expression

of

self-renewal

signaling

molecules

in

paclitaxel-resistant MDA-MB-231 cells
One of the major factors restricting the permanent control of breast cancer is the
development of chemotherapy resistance (39). Considering that the chemotherapy is
not effective towards chemoresistant cancer cells, it is interesting to note that that some
phytochemicals effectively sensitize chemoresistant cancer cells (40). I investigated
whether Rg3 could have a sensitizing effect in paclitaxel-resistant MDA-MB-231 cells.
As expected, paclitaxel-resistant MDA-MB-231 cells displayed high repulsion towards
the drug. However, treatment with Rg3 attenuated resistance and effectively reduced
the viability of paclitaxel-resistant MDA-MB-231 cells (Fig. 12A).
The mechanisms employed by chemoresistant cells are also adapted by cancer
stem cells to evade chemotherapy (41). Because both types of cells share common
mechanistic features underlying their survival against chemotherapy, I examined
whether Rg3 could modulate self-renewal signaling employed by paclitaxel-resistant
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stem-like breast cancer cells. Rg3 inhibited manifestation of stem-like features by
inhibiting the expression of Sox-2 and Bmi-1, and reduced the number of sphere
forming colonies (Fig. 12B, C).

Rg3 inhibits paclitaxel-resistant MDA-MB-231 growth in vivo
To verify the inhibitory effect of Rg3 in drug-resistant breast cancer cells in vivo,
BALB/c

nude

mice

were

injected

subcutaneously

with

paclitaxel-resistant

MDA-MB-231 cells into the flank. Intraperitoneal administration of Rg3 (5 and 20
mg/kg) for 2 weeks barely affected the body weight changes (Fig. 13A) whereas the
tumor volume was significantly reduced compared with the vehicle-treated group (Fig.
13B, C). The inhibitory effect of Rg3 on the growth of paclitaxel-resistant
MDA-MB-231 cells was accompanied by a marked decrease in the expression of
Bmi-1.
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Table 1. Contents of ginsenosides in Korean red ginseng extract.

Ginsenoside (mg/g)
Rg1

2.71

Rb1

4.43

Rg3s

0.15

Re

1.38

Rc

1.69

Rb2

1.52

Rd

0.23

Rf

0.67

Rh1

0.16

Rg2s

0.19

Rg3r

0.09

Total

13.23
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Figure 1. Effects of RGE on viability of MCF-7 and MDA-MB-231 cells. The cell
viability was assessed by the MTT assay. MCF-7, MDA-MB-231 and MCF-10A cells
were treated with RGE (0.5, 1 or 5 mg/mL) or vehicle for 48 h. The cells were then
incubated with MTT solution (0.5 mg/mL) for 2 h and the absorbance at 570 nm was
read using a microplate reader. The result was presented as means ± SD.
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Figure 2. Effects of RGE on mammosphere formation and manifestation of breast
CSC properties. (A) Breast cancer cells were exposed to CSC medium for 24 h.
MCF-7 and MDA-MB-231 cells were cultured in 100 mm ultra-low attachment plate
to generate primary mammospheres. After 4-7 days of maintenance, primary
mammospheres were harvested, dissociated into single cell suspension and cultured for
5 additional days for secondary mammosphere formation. At the third-mammosphere
state, cells were cultured in a 96-well ultra-low attachment surface plate, treated with
RGE (1 or 2.5 mg/mL) for 5 days. The alterations in the number, the size and the shape
of mammospheres were examined by phase-contrast microscopy. Pictures are the
representative phase-contrast photomicrographs of mammospheres and the graph bars
are presented based on the number of mammospheres bigger than 100 μm. The values
are presented as means ± SD (n = 3). (B) MDA-MB-231 cells treated with 1 or 2.5
mg/mL of RGE for 48 h were stained with anti-CD44-APC and anti-CD24-PE. Flow
cytometric dot plots represent changes in the proportion of CD44+/CD24- cells.
Quadrant analysis of fluorescence intensity of gated cells in FL2 and FL4 channels was
from 10,000 events. Numerical values in the cytogram indicate the percentage of gated
cells in each quadrant. The values are expressed as means ± SD (n = 3).
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Figure 3. Effects of RGE on self-renewal signaling and phosphorylation of Akt in
MCF-7 mammospheres. MCF-7 cells were cultured on ultra-low attachment plates
for 7 days to generate primary mammospheres, and then were dissociated and cultured
for additional 5 days to generate secondary mammospheres. On third-mammosphere
formation, the cells were treated with RGE (1 mg/mL) twice at 2- day intervals during
5 days of maintenance and subjected to Western blot analysis to measure the
expression of self-renewal markers, Sox-2 and Bmi-1, and phosphorylation of Akt. The
relative level of each protein is presented as mean ± SD (n = 3).
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Figure 4. Inhibitory effects of RGE on migration of MDA-MB-231 cells and
metastasis of 4T1-Luc cells in vivo. (A) MDA-MB-231 cells were seeded into the two
wells of an insert. One day later, the insert was removed and RGE was treated for 48 h.
The optimal time period for the inhibitory effect of RGE was monitored and the
distance between the sides was measured under a microscope. (B) Six-week-old
BALB/c mice were injected with 4T1-luciferase cells intravenously through the tail
vein. One day later, RGE (100 mg/kg) was orally administered every other day for two
26

weeks (3 times a week). The mice were injected with luciferin for 5 min and
anesthetized. Lung metastatic tumor burden was observed using bioluminescence
imaging in vivo.
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Figure 5. Effects of Rg3 on viability of MCF-7 and MDA-MB-231 cells. The cell
viability was assessed by the MTT assay. MCF-7, MDA-MB-231 and MCF-10A cells
were treated with Rg3 (25, 50 or 100 μM) for 72 h. The cells were then incubated with
MTT solution (0.5 mg/mL) for 2 h and the absorbance at 570 nm was read using a
microplate reader. The data are presented as means ± SD.
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Figure 6. Effects of Rg3 on manifestation of MCF-7 cancer stem-like properties.
(A) MCF-7 cells were cultured on ultra-low attachment surface plates for 7 days to
generate primary mammospheres, and then dissociated into single cell suspension to
generate secondary mammospheres for 5 days. On third-mammosphere formation, Rg3
was treated twice during 5 days of maintenance. Alterations in the number, the size and
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the shape of MCF-7 mammospheres were examined by phase-contrast microscopy.
The bar graph represents the number of sphere forming colonies normalized to the
control group (the spheroid size bigger than 100 μm). The values were expressed as
means ± SD (n = 3). (B) MCF-7 mammospheres were subjected to the ALDFLUOR
assay, followed by flow cytometry to detect cells with the ALDH activity. Tertiary
MCF-7 mammospheres were treated with Rg3 (25 μM) twice at an interval of 2 days
during the 5 days of maintenance. An ALDH inhibitor, DEAB, was used to assess the
background fluorescence. Quadrant analysis of fluorescence intensity of gated cells in
FL1 channels was from 10,000 events. Numerical values in the cytogram indicate the
percentage of gated cells in R1 quadrant.
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Figure 7. Effects of Rg3 on manifestation of MDA-MB-231 cancer stem-like
properties. (A) MDA-MB-231 cells were cultured on ultra-low attachment surface
plates for 7 days to generate primary mammospheres, and then were dissociated into
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single cell suspension to generate secondary mammospheres for 5 days. On
third-mammosphere formation, Rg3 was treated twice at an 2-day intervals during the
5 days of maintenance. Alterations in the number, the size and the shape of
MDA-MB-231 mammospheres were examined by phase-contrast microscopy. The bar
graph represents the number of sphere forming colonies normalized to the control
group (the spheroid size bigger than 100 μm). The values are expressed as means ± SD
(n = 3). (B) MDA-MB-231 cells treated with Rg3 (10, 25 or 50 μM) for 48 h were
stained with anti-CD44-APC and anti-CD24-PE. Flow cytometric dot plots represent
changes in the proportion of CD44+/CD24- cells. Quadrant analysis of fluorescence
intensity of gated cells in FL2 and FL4 channels was from 10,000 events. Numerical
values in the cytogram indicate the percentage of gated cells in each quadrant. The
values are expressed as means ± SD (n = 3).
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Figure 8. Effects of Rg3 on self-renewal signaling of MCF-7 and MDA-MB-231
mammospheres. MCF-7 and MDA-MB-231 cells were cultured on ultra-low
attachment plates for 7 days to generate primary mammospheres, and then were
dissociated into single cell suspension to generate secondary mammospheres for 5
days.On third-mammosphere formation, tertiary MCF-7 (A) and MDA-MB-231 (B)
mammospheres were treated with Rg3 (25 μM) twice at an interval of 2 days during
the 5 days of maintenance. The protein levels of Sox-2 and Bmi-1 were measured by
Western blot analysis. The values are presented means ± SD.
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Figure 9. Involvement of the PI3K-Akt axis in regulation of self-renewal signaling
and its inactivation by Rg3. (A) Tertiary MCF-7 mammospheres were generated and
the expression of phosphorylation of Akt was determined after treatment with Rg3 (25
μM) for 5 days. The whole lysates were subjected to Western blot analysis. (B)
LY294002 was used as an Akt inhibitor and was treated for 3 days in tertiary MCF-7
mammospheres. The expression of Sox-2 and Bmi-1 was measured by Western blot
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analysis. (C) The effect of LY294002 on mammosphere formation was confirmed by
the mammosphere assay. Alterations in the number, the size, and the shape of
mammospheres were examined by phase-contrast microscopy. The graph represents
the number of spheres that were bigger than 100 μm. The values are indicated as
means ± SD (n = 3).

35

Figure 10. Possible role of HIF-1α in Akt-mediated self-renewal signaling in
MCF-7 mammospheres. (A) Tertiary MCF-7 mammospheres were treated with Rg3
(25 μM) or LY294002 (20 μM) for 3 and 5 days, respectively. Nuclear and cytosolic
fractions were isolated from the cells and the localization of HIF-1α in MCF-7
mammospheres was measured by Western blot analysis. (B) Tertiary MCF-7
mammospheres were transfected with HIF-1α siRNA on the third-mammosphere
formation for 72 h before the sample collection. The expression of Sox-2 and Bmi-1
was measured by Western blot analysis. (C) The effect of HIF-1α knockdown on the
formation of mammospheres was examined by phase-contrast microscopy. Pictures are
the representative phase-contrast photomicrographs of mammospheres.
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5
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25
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Figure 11. Combined cytotoxic effects of Rg3 and paclitaxel in MCF-7 and
MDA-MB-231 cells. The viability of MCF-7 and MDA-MB-231 cells was assessed in
the presence or absence of Rg3 and paclitaxel alone or in combination by the MTT
assay. Both Rg3 and paclitaxel were treated for 48 h. Combination Index (CI) was
calculated using the CompuSyn program. The values were presented as means ± SD.
Abbreviation used: PTX, paclitaxel
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Figure 12. Effect of Rg3 on self-renewal signaling in paclitaxel-resistant
MDA-MB-231 cells. (A) Paclitaxel-resistant MDA-MB-231 cells were incubated with
Rg3 (50 μM) or paclitaxel (50 nM) for 48 h. The cell viability was measured by the
MTT assay. (B) Paclitaxel-resistant MDA-MB-231 cells were cultured on ultra-low
attachment surface plates for 7 days to generate primary mammospheres. Secondary
paclitaxel-resistant MDA-MB-231 mammospheres were treated with Rg3 (25 μM)
twice at 2-day intervals during 5 days of maintenance. The mRNA expression of Sox-2
and Bmi-1 was analyzed by RT-PCR. (C) Paclitaxel-resistant MDA-MB-231
mammospheres were treated with Rg3 (25 μM) twice at an interval of 2 days during 5
days of maintenance. Alterations in the number, the size and the shape of
mammospheres were examined by phase-contrast microscopy. Pictures are the
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representative phase-contrast photomicrographs of mammospheres. The values are
presented as means ± SD.
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Figure 13. Inhibitory effects of Rg3 on paclitaxel-resistant MDA-MB-231 growth
in vivo. Paclitaxel-resistant MDA-MB-231 cells were injected subcutaneously into the
flank of BALB/c nude mice. After tumor injection, Rg3 (5 or 20 mg/kg) was injected
(i.p.) once a day for 2 weeks. The body weight (A) and the tumor volume (B) were
measured for 36 days from the first day of Rg3 injection. Tumor volumes were
measured with digital calipers and calculated by the formula 0.52 x length x width. (C)
The representative photograph of paclitaxel-resistant MDA-MB-231 xenografts with a
daily intraperitoeal dose of Rg3 (5 or 20 mg/kg). Mice were sacrificed after 2 weeks of
final Rg3 treatment. (D) The effect of each treatment on the expression of Bmi-1 was
examined by immunohistochemical analysis (Magnification, x 100).
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Figure 14. Schematic representation of a proposed mechanism underlying the
inhibitory effects of Rg3 on self-renewal signaling. Rg3, a major anti-cancer
component of RGE, inhibits the Akt-mediated self-renewal signaling which in turn,
modulates stem-like properties.
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Discussion

Accumulating evidence suggests that the presence of a small population of CSCs in
tumor tissues confers resistance to chemotherapeutic agents, which often leads to
recurrence in numerous human cancers (42). Currently, therapeutic drugs developed to
cure breast cancer include cisplatin, doxorubicin, paclitaxel, etc. Among them,
paclitaxel acts by binding to microtubules with high affinity to block their disassembly
(43). It has been reported that the overexpression of class III β-tubulin induces
paclitaxel resistance and cancer progression in advanced breast cancer patients (44). In
addition, treatment of human triple negative breast cancer cell lines with paclitaxel
resulted in an increase of HIF expression and its transcriptional activity, which
enriched breast CSC population to acquire chemoresistance through IL-6 and IL-8
signaling (45). This study demonstrated that the combinatorial therapy of HIF
inhibitors and paclitaxel was effective to overcome the resistance of CSCs (45).
Therefore, it has been suggested that the therapeutic effects of traditional
chemo/radiotherapy could be improved by employing combinational treatment
targeting CSCs. In this context, natural products are good candidates for use in
combination with synthetic chemotherapeutic drugs.
Rg3, one of the major pharmacologically active ingredients of red ginseng, has
been extensively investigated with regard to chemotherapeutic as well as
chemopreventive effects exerted by itself or in combination with anticancer drugs. Rg3
inhibits colorectal tumor growth through down-regulation of Wnt signaling and
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hepatocellular carcinoma growth via the intrinsic apoptotic pathway (18, 46). Rg3 also
induces apoptosis in human leukemia via the PI3K/Akt pathway (19). Several studies
have presented the synergistic and sensitizing effects of Rg3 in bladder and prostate
cancer

when used

in

combination with chemotherapeutic agents (47-49).

Notwithstanding the great efficacy of Rg3 in suppressing proliferation or growth of
cancer cells, its effect on the oncogenic potential of CSCs remains largely untouched.
According to a recent review article, dietary cancer preventive phytochemicals have
the capacity to interfere with the signal transduction involved in the maintenance of
CSCs (50). Certain advanced studies revealed that curcumin, epigallocatechin gallate
and genistein decrease cancer stem cell population through down-regulation of
STAT3-NF-ĸB and hedgehog signaling pathways (51, 52). Regarding the different
types of ginsenosides present in RGE, the ginsenoside Rb1 exerted potent cytotoxicity
in ovarian CSCs by targeting Wnt/β-catenin signaling (53). In addition, the ginsenoside
Rh2 was reported to have an inhibitory effect on growth of skin squamous cell
carcinoma by reducing the expression Lgr5, a stem cell-associated marker of the
intestinal epithelium (54). In line with these previous reports, I verified the capability
of Rg3 to inhibit stem-like breast cancer cells via down-regulation of self-renewal
molecules, such as Sox-2 and Bmi-1. Notably, Rg3 modulates manifestation of breast
cancer stem-like features by suppressing the Akt-mediated-self-renewal signaling
pathway.
Recent studies have revealed the central role of self-renewal signaling involved in
the maintenance of the cancer stem-like phenotype (8, 55). Among the stem-cell
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associated factors, Sox-2 and Bmi-1 are of prime interest. It has been suggested that
Sox-2 plays a crucial role in EGF receptor-mediated self-renewal of pancreatic CSCs
and that its ectopic overexpression enhances the proportion of breast CSCs by
activating the Wnt signaling pathway (56, 57). Sox-2 overexpression induces the
expression of other self-renewal markers, NANOG and OCT4, in melanoma-initiating
cells (23). Furthermore, several reports have presented targeting self-renewal regulator,
Bmi-1, as the Achilles’s heel of CSCs (9, 58). Kreso et al. demonstrated that the
transplantation of Bmi-1 knock down cells in NOD-SCID mice displayed a 12-fold
reduction in tumor growth as compared to the control. The oncogenic function of
Bmi-1 has also been discussed in regulation of cellular senescence in hematopoietic
stem cells. Lifespan extension by Bmi-1 is mediated in part through suppression of the
p16Ink4a-dependent senescence pathway (59). In this context, self-renewal-associated
signaling molecules such as Sox-2 and Bmi-1 are considered the threatening dynamic
duo in maintenance of the cancer stem-like phenotype.
CSCs reside within specialized tumor microenvironment where they remain in
quiescent state, and they go through different metabolic pathways (60). In accordance
with this view, the previous studies suggested an intimate relationship between HIFs
and the metabolism of cancer stem cells (35, 36). As a crucial component of CSCs,
HIF may constitue the principle axis of chemoresistance, metabolism, and self-renewal
of CSCS. Thus, the activation of HIF-1α that coincides with glycolysis endows CSCs
with the optimal metabolic pathway to survive a hypoxic microenvironment (61). In
addition, HIF-1 stimulates increased glycolytic flux through transcriptional activation
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of genes encoding glycolytic enzymes, such as lactate dehydrogenase A and PDK1
(62). Having demonstrated the vital role of hypoxic condition in CSC metobolism, a
few studies have speculated an interesting cross-link between the metabolic and
self-renewal pathways of CSCs. It has been reported that the stabilization of HIF-1α
causes a metabolic reprogramming to encode glycolytic enzymes and promote
self-renewal (63). Morever, Soeda et al. investigated the self-renewal activity of
CD133-positive cells when HIF-1α was overexpressed, and further discussed the
possible effects of hypoxic stress on altered metabolic pathway (64). By virtue of the
preceding research that suggests HIF-1α as a key molecule in linking the anaerobic
metabolism and self-renewal capacity, the results from the present study demonstrating
that HIF-1α modulates Sox-2 and Bmi-1 imply its interconnection with CSC
metabolism.
One of the difficult challenges in the management of cancer lies in the
development of chemotherapeutic drugs that effectively circumvent or prevent
chemoresistance. A number of survival mechanisms employed by chemoresistant cells
have been identified in CSCs (41). According to the present study, Rg3 reduced the
viability of paclitaxel-resistant breast cancer cells and inhibited the number of sphere
forming colonies of paclitaxel-resistant mammospheres. However, how Rg3 exerts a
sensitizing effect in chemoresistant cells (mammospheres) remains obscure.
Paclitaxel-resistant breast cancer (MCF-7TaxR) cells exhibited a striking switch from
apoptosis to autophagy by down-regulating caspase-7, caspase-9 and Bcl2-interacting
mediator of cell death (BIM) expression (39). In exerting chemoresistance, CSCs
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display enahnced expression of ATP-bindng cassette (ABC) transporter pump essential
for the drug-efflux system, as well as the anti-apoptotic protein Bcl-2 and ALDH
activity (41). Therefore, it could be suggested that paclitaxel-resistant MDA-MB-231
mammospheres may also circumvent a way of survival by employing different cell
death

pathways

and

enhancing

drug-efflux

capacity.

When

treated

to

paclitaxel-resistant cells, Rg3 may act as a re-sentizing drug, possibly by targeting one
or more of aforementioned cell death pathways and/or chemoresistance-related
proteins in CSCs.
In summary, the present study raises an intriguing possibility that Rg3 may be a
potential agent that purges breast CSCs of stemness capacity and sensitizes
chemoresistant breast cancer cells. Whether Rg3 has the same effects on manifestation
of stemness properties of other types of CSCs and whether it could be applied for
clinical trials at an optimal and/or safe concentration require a further investigation.
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국문초록

홍삼(RGE)은 항염증 및 항암 효과를 갖는 것으로 알려져 있다. 본 연구에서는 유방암
세포에서 RGE 와 그 활성성분인 진세노사이드 Rg3 가 자가재생 능력을 통한 암줄기세포의
형성에 미치는 영향을 살펴 보았다. Sphere-forming assay 는 자가재생 능력을 가진 줄기세포
선별에 널리 활용되는 방법이다. RGE 와 Rg3 는 암줄기세포의 유지를 촉진하는 배양
조건에서 형성되는 유방암 세포의 sphere 형성 능력을 억제하였다. 유방암 줄기세포의
표지자인 CD44 양성/CD24 음성세포들의 형성이 RGE 와 Rg3 처리 그룹에서 감소되어
있음을 확인 할 수 있었다. 암줄기세포의 무한재생능력은 암 재발과 전이의 원인으로
작용한다고 알려져 있다. Rg3 가 조절하는 유방암 줄기세포의 분자적 기전을 규명하기
위하여 암줄기세포의 재생능과 관련된 대표적인 단백질인 Sox-2 와 Bmi-1 의 발현을
살펴보았다. 그 결과 sphere 를 형성한 MCF-7 세포와 MDA-MB-231 세포에 Rg3 를
처리하였을 때 Sox-2 와 Bmi-1 의 발현이 감소함을 확인하였다. Akt 는 암줄기세포의
재생능과 현상 유지에 중요한 역할을 한다고 알려져 있다. Sphere 를 형성한 MCF-7
세포에서 Rg3 를 처리하였을 때 Akt 의 인산화가 억제되는 것을 확인하였고, Akt 억제제를
사용하였을 때 Sox-2 와 Bmi-1 의 의 발현이 감소하는 것을 확인하였다. 이러한 결과들은
Rg3 가 Akt 에 의해 유도된 자가재생 능력을 조절함으로써 유방암줄기세포의 작용을 억제할
수 있음을 시사한다.
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