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The ginsenoside metabolite compound K inhibits growth,
migration and stemness of glioblastoma cells
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Abstract. Glioblastoma (GBM) is the most aggressive and
malignant form of primary brain cancer. Despite recent
advances in cancer treatment, it remains a substantially
incurable disease. Accordingly, more effective GBM thera-
peutic options are urgently required. In the present study, we
investigated the anticancer effect of a ginsenoside metabolite,
compound K (CK), against GBM cells. CK significantly inhib-
ited not only growth, but also metastatic ability of US7TMG
and U373MG cells. CK arrested cell cycle progression at
the GO/G1 phase with a decrease in the expression levels of
cyclin D1 and cyclin D3 in both cell types. CK also induced
apoptosis in GBM cells through nuclear condensation, an
increase in ROS generation, mitochondrial membrane poten-
tial depolarization, and activation of caspase-3, caspase-9
and poly(ADP-ribose) polymerase (PARP). Furthermore, CK
inhibited phosphatidylinositol 3-kinase (PI3K)/protein kinase
B (Akt)/mammalian target of rapamycin (mTOR) signaling
pathway, contributing to the antiproliferative and apoptotic
effects. Moreover, CK suppressed the self-renewal capacity
as well as the invasiveness of U87MG and U373MG GBM
stem-like cells (GSCs) by inducing a reduction in the expres-
sion of GSC markers, such as CD133, Nanog, Oct4 and Sox2.
Taken together, our findings suggest that CK may potentially
be useful for GBM treatment.

Introduction

Glioblastoma (GBM) is the most common and aggressive
primary brain tumor, accounting for more than 50% of all
brain tumors (1). Even with the current standard treatment
composed of maximal surgical removal, radiotherapy and
chemotherapy with temozolomide (TMZ), the median survival
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period of GBM patients is approximately 14 months (2,3).
Multimodal treatment with radiotherapy and TMZ increases
the survival rate compared with radiotherapy alone. Despite
the current treatment regime, the prognosis for GBM patients
is still very poor because of tumor recurrence. There are
several causes of recurrence including unclear tumor margins
following surgical removal, a fast growth rate and resistance to
chemotherapy and radiotherapy (4). Particularly for the GBM
stem cell (GSC) subpopulation, possessing a high carcinogenic
potential and self-renewing ability has been identified and is
believed to contribute to GBM propagation and resistance
to conventional therapies (5). Thus, the development of new
anticancer agents targeting both cancer cells and cancer stem
cells in GBM could be a promising therapeutic strategy to
more effectively eradicate malignant tumors.

Ginseng has been consumed as traditional medicine for
thousands of years in Asia (6). There are extensive reports
regarding ginseng's many pharmacological effects on the
endocrine, immune, cardiovascular and the central nervous
systems (7). There are also many reports that ginseng
has antiaging and antioxidant properties (8). The various
pharmacological and biological effects of ginseng are
mainly mediated by compounds from the saponin group,
called ginsenosides (9). Accumulating evidence has revealed
that the major functional components of ginsenoside have
antiinflammatory, antidiabetic and antitumor effects (10,11).
While >40 ginsenosides have been identified, their
chemical structures have difficulties with absorption when
orally administered (12). More than 80% of the known
ginsenosides can be classified into two structural groups: the
protopanaxadiol (PPD)-type (e.g., Rbl,Rb2,Rb3,Rc,Rd,Rg3,
Rh2 and Rsl) that have sugar moieties attached to the §-OH
at C3 and/or C20 and the protopanaxatriol (PPT)-type (e.g.,
Re, Rf, Rgl, Rg2 and Rhl) that have sugar moieties attached
to the a-OH at C6 and/or the 3-OH at C20. Compound K
[20-O-p-d-glucopyranosyl-20(S)-protopanaxadiol, CK] is the
major metabolite of ginsenosides Rbl, Rb2, Rc and Rd that are
synthesized by intestinal bacteria after oral administration of
ginseng (Fig. 1A) (13). CK is absorbed in the gastrointestinal
tract before being slowly metabolized (14,15). Several studies
have indicated that CK possesses anticancer activity against
a variety of tumor cell types by inhibiting cell proliferation
and inducing apoptosis (16,17). CK also has antimetastatic



LEE et al: ANTICANCER EFFECT OF CK AGAINST GBM

potential in various tumor cells (18,19). Despite the long-term
study of the CK anticancer efficacy, there has been no research
on GBM cells, including GSCs.

In the present study, we investigated the anticancer effect
of CK on GBM and the underlying mechanisms involved. Our
results showed that CK inhibited the growth and metastatic
ability of GBM cells, inducing cell cycle arrest and apoptosis.
Furthermore, we identified a therapeutic effect of CK against
the cancer stem cell-like phenotypes of GBM cells, GSCs. Our
findings provide evidence that CK may be a potential thera-
peutic drug against GBM.

Materials and methods

Materials. Compound K was obtained from Ilhwa Co., Ltd.,
(Guri, Korea) and dissolved in dimethyl sulfoxide (DMSO)
at a concentration of 50 mM as a stock solution. Gelatin and
Matrigel were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and BD Biosciences (San Jose, CA, USA),
respectively. Anti-MMP-2 (64 kDa), anti-MMP-9 (84 kDa),
anti-cyclin D1 (36 kDa), anti-cyclin D3 (31 kDa), anti-PARP
(89, 116 kDa), anti-cleaved caspase-3 (Aspl75, 17, 19 kDa),
anti-cleaved caspase-9 (Asp330, 37 kDa), anti-phospho-PI3K
[p85 (Tyr458)/pSS5 (Tyrl99), 60 and 85 kDa], anti-PI3K
(p85, 85 kDa), anti-phospho-Akt (Ser473, 60 kDa), anti-Akt
(60kDa), anti-phospho-mTOR (Ser2448,289 kDa), anti-mTOR
(289 kDa), anti-Nanog (42 kDa), anti-Sox2 (35 kDa), anti-Oct4
(45 kDa) and anti-pB-actin (45 kDa) antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA).
Anti-CD133 (133 kDa) antibody was obtained from Miltenyi
Biotec GmbH (Bergisch Gladbach, Germany).

Cell culture. Human glioblastoma U87MG and U373MG cell
lines were obtained from the Korean Cell Line Bank (KCLB;
Seoul, Korea). The cells were cultured in minimum essential
medium (MEM; Gibco, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco) and 1%
penicillin-streptomycin-amphotericin B (Lonza, Walkersville,
MD, USA) and then maintained at 37°C in a humidified 5%
CO, incubator.

Cell growth assay. Cell growth was examined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) colorimetric assay. Dissociated GBM cells were seeded
in a 96-well culture plate at a density of 3x10° cells/well. After
a 24-h incubation, CK (6.25-100 M) was added to each well
and incubation was resumed. After 72 h, 50 1l of MTT solution
(2 mg/ml; Sigma-Aldrich) was added to each well followed
by incubation for 3 h at 37°C. To dissolve formazan crystals,
the culture medium was removed and an equal volume of
DMSO was added to each well. The absorbance of each well
was determined at a wavelength of 540 nm using a microplate
reader (Thermo Fisher Scientific, Vantaa, Finland).

Colony formation assay. To evaluate the colony forming
inhibitory effect of CK, GBM cells were seeded in a 6-well
cell culture pate at a density of 500 cells/well. After 24-h
incubation, the cells were treated with CK (10, 25 and 50 yM)
for 8 days. Following this, the colonies were fixed with 4%
formaldehyde and stained with 0.5% crystal violet solution.
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Wound healing assay. GBM cells were seeded in a 24-well
cell culture plate at a density of 7x10* cells/well and grown
to 90% confluence. The confluent monolayer cells were
scratched using a pipette tip and each well was washed with
phosphate-buffered saline (PBS) to remove non-adherent cells.
The cells were treated with CK (10, 25 and 50 M) and then
incubated for up to 48 h. The perimeter of the central cell-free
zone was confirmed under an optical microscope (Olympus,
Center Valley, PA, USA).

Invasion assay. Cell invasion was assayed using Transwell
chamber inserts with a pore size of 8.0 ym (Corning Costar,
Acton, MA, USA). The lower side of the polycarbonate filter
was coated with 10 pl of gelatin (1 mg/ml) and the upper
side was coated with 10 pl of Matrigel (3 mg/ml). GBM cells
(1x10°) were seeded in the upper chamber of the filter and CK
(10,25 and 50 yM) was added to the lower chamber filled with
medium, and the chamber was incubated at 37°C. After 24 h
(for cancer cells) or 48 h (for cancer stem-like cells), the cells
were fixed with methanol and stained with hematoxylin/eosin.
The total number of cells that invaded the lower chamber of
the filter was counted using an optical microscope (Olympus).

Cell cycle analysis. GBM cells were seeded in a 60-mm
culture dish at a density of 5x10° cells/dish and incubated for
24 h. Next the cells were treated with CK (50 yM) for 24 h.
Following treatment, the cells were harvested, washed with
PBS, and fixed in ice-cold 70% ethanol at -20°C for >3 h. The
cells were subsequently centrifuged and incubated with a prop-
idium iodide (PI) working solution (10 #g/ml PI and 100 pg/ml
RNase A; Sigma-Aldrich) for 30 min at room temperature in
the dark. The cell cycle distribution was analyzed using a
FACScan flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA).

Apoptosis analysis. GBM cells at a density of 5x10° cells/dish
were treated with CK (50 and 75 uM) and incubated for 24 h.
The cells were harvested, washed with PBS, and stained with
Annexin V-FITC and PI according to the manufacturer's
instructions for the ApopNexin Annexin V FITC Apoptosis kit
(Merck Millipore, Darmstadt, Germany). The stained cells
were analyzed by flow cytometry (BD Biosciences).

DAPI fluorescent staining. GBM cells were seeded in a
24-well culture plate at a density of 5x10* cells/well. After
treatment with CK (25, 50 and 75 uM) for 24 h, the cells
were washed with PBS, fixed in 1% formaldehyde solution for
10 min, and then stained with 4',6-diamidino-2-phenylindole
(DAPI, 5 ug/ml; Sigma-Aldrich) for 10 min at room tempera-
ture. The nuclear morphology of the cells was determined
by fluorescence microscopy (Optinity KI-2000F; Korea Lab
Tech, Seongmam, Korea).

Intracellular reactive oxygen species (ROS) measure-
ment. Intracellular reactive oxygen species (ROS) levels
were measured using a ROS-sensitive fluorescence indi-
cator, 2',7'-dichlorofluorescein diacetate (DCFH-DA;
Sigma-Aldrich). GBM cells were seeded in a 24-well cell
culture plate at a density of 5x10* cells/well and treated with
CK (25, 50 and 75 uM) for 24 h. The cells were incubated
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Figure 1. The growth inhibitory effect of CK on GBM cells. (A) Chemical structure of CK. (B) The effect of CK on the growth of U§7MG and U373MG cells.
The cells were treated with increasing concentrations of CK (0, 6.25, 12.5, 25, 50 and 100 xM) for 72 h and cell growth was measured by MTT assay. (C) The
effect of CK on the colony forming ability of U§7MG and U373MG cells. The cells were incubated in the absence or presence of CK (10, 25 and 50 yM) for
8 days. The cell colonies were detected by crystal violet staining. “P<0.05 vs. the control.

with 10 uM of DCFH-DA for 30 min and then washed with
PBS. The fluorescent images were obtained using an Optinity
KI-2000F fluorescence microscope (Korea Lab Tech).

Mitochondrial membrane potential (MMP) determination.
The mitochondrial membrane potential (MMP) was detected
using the fluorescent, lipophilic dye, JC-1 (5,5'6,6'-tetra-
chloro-1,1',3,3"-tetraethylbenzimidazol-carbocyanine iodide;
Sigma-Aldrich). At hyperpolarized membrane potentials, this
dye forms a red fluorescent J-aggregate, whereas at depolar-
ized membrane potentials, this dye remains in its green
fluorescent monomeric form. GBM cells were seeded in a
24-well cell culture plate at a density of 5x10* cells/well. After
treatment with CK (25, 50 and 75 uM) for 24 h, the cells were
incubated with 10 pg/ml of JC-1 for 20 min and washed with
PBS. The images were obtained using an Optinity KI-2000F
fluorescence microscope.

Western blot analysis. Cell lysates were separated by 10%
SDS-PAGE and the separated proteins were transferred to
polyvinylidene difluoride membranes (Millipore, Billerica,
MA, USA) using standard electroblotting procedures. The
blots were blocked and immunolabeled with primary anti-
bodies against MMP-2, MMP-9, cyclin DI, cyclin D3, PARP,
cleaved caspase-3, cleaved caspase-9, phospho-PI3K, PI3K,
phospho-Akt, Akt, phospho-mTOR, mTOR, CD133, Nanog,
Sox2, Oct4 and B-actin overnight at 4°C. Immunolabeling
was detected with an enhanced chemiluminescence (ECL) kit
(Bio-Rad Laboratories, Hercules, CA, USA), according to the
manufacturer's instructions.

GSC culture. To propagate GSCs, U§7TMG and U373MG cells
grown in the serum-based media were cultured in Dulbecco's
modified Eagle's medium/nutrient mixture F-12 (DMEM/F12;
Gibco) containing 1X B-27 serum-free supplement (Gibco),
5 ug/ml heparin (Sigma-Aldrich), 2 mM I-glutamine (Gibco),
20 ng/ml epidermal growth factor (EGF; Gibco), 20 ng/ml

basic fibroblast growth factor (bFGF; KOMA Biotech, Seoul,
Korea) and 1% penicillin/streptomycin (Gibco). Neurospheres
grown in the serum-free media were subcultured every 7 days
by dissociating with Accutase (Millipore, Temecula, CA, USA)
and maintained at 37°C in a humidified 5% CO, incubator.

GSC growth assay. GSC growth was evaluated using the
WST-1 colorimetric assay, a water-soluble tetrazolium salt
method. Dissociated neurosphere cells were seeded in a
96-well cell culture plate at a density of 3x10° cells/well using
the serum-free media with EGF and bFGF. After 7 days of
CK treatment (6.25-100 uM), 10 pl of WST-1 reagent solution
(DoGen, Seoul, Korea) was added to each well and the cells
were incubated for an additional 3 h at 37°C. The absorbance
was measured at a wavelength of 450 nm using a microplate
reader (Thermo Fisher Scientific).

Neurosphere formation assay. Dissociated neurosphere
cells were seeded in a 96-well cell culture plate at a density
of 200 cells/well using the serum-free media with EGF and
bFGF. After 9-12 days of CK treatment (10, 25 and 50 yM),
the number of formed neurospheres in each well was counted
under a microscope.

Statistical analysis. The results are expressed as the
mean =+ standard error (SE). The Student's t-test was used to
determine statistical significance between the control and test
groups. A P<0.05 was considered statistically significant.

Results

Compound K suppresses the growth of glioblastoma cells.
To investigate the effect of CK on GBM cell growth, U§7MG
and U373MG cells were treated at various concentrations
(0-100 M) of CK for 72 h. Cell growth was then assessed using
the MTT assay. As shown in Fig. 1B, a significant decrease in
the growth of both cells was observed for 50 yM CK. The
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Figure 2. The effect of CK on the metastatic ability of GBM cells. (A and B) The effect of CK on the migration of U87MG and U373MG cells. The migratory
potential of GBM cells was analyzed using wound healing assay. The cells were incubated in the absence or presence of CK (10, 25 and 50 uM) for 48 h. The
cells migrated into the gap were counted under an optical microscope. Dotted black lines indicate the edge of the gap at O h. (C and D) The effect of CK on the
invasion of U87MG and U373MG cells. The invasiveness of GBM cells was analyzed using Matrigel-coated polycarbonate filters. The cells were incubated in
the absence or presence of CK (10, 25 and 50 uM) for 24 h. The cells penetrating the filters were stained and counted under an optical microscope. ‘P<0.05 vs.
the control. (E) The effect of CK on the expression of MMP-2 and -9 in U§7MG and U373MG cells. The cells were treated with CK (50 and 75 yM) for 24 h
and the protein levels were detected by western blot analysis using specific antibodies. The levels of 3-actin were used as an internal control.

growth inhibitory effect of CK against GBM cells was further
assessed using a colony formation assay. U§7MG and U373MG
cells were treated with CK at concentrations of 0-50 uM for
8 days. As shown in Fig. 1C, colony formation for both cell
types was remarkably suppressed by treatment with 25 and
50 uM CK, indicating that CK inhibited the proliferation of
GBM cells.

Compound K inhibits the migration and invasion of glio-
blastoma cells. Cell motility is an important factor for cancer

metastasis (20). We therefore examined whether CK could
inhibit the migration and invasion of GBM cells. A monolayer
wound healing assay was performed to evaluate the effect of
CK on the migration of U§7MG and U373MG cells. CK at a
concentration of 50 uM decreased the migration of both cell
types at 24 and 48 h after treatment when compared with the
control condition (Fig. 2A and B). For the Transwell invasion
assay, US7MG and U373MG cells were treated with CK at the
indicated concentrations for 24 h, reducing the invasiveness of
both cell types in a dose-dependent manner (Fig. 2C and D).
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Figure 4. The effect of CK on the apoptotic cell death of GBM cells.
(A and B) U87MG and U373MG cells were treated with CK (50 and 75 uM)
for 24 h. Apoptotic cells were determined by flow cytometric analysis fol-
lowing Annexin V-FITC and propidium iodide (PI) dual labeling.

Notably, the inhibitory effect of CK on GBM cell invasion was
very potent at 50 M.

A characteristic of metastatic cancer cells is the capacity
to degrade extracellular matrix (ECM) through the upregula-
tion of matrix metalloproteinases (MMPs) (21). In particular,
MMP-2 and MMP-9 have been shown to play a critical role in
cancer metastasis (22). To define the mechanism by which CK
reduces GBM cell migration and invasion, the protein expres-
sion levels of MMP-2 and MMP-9 in U87MG and U373MG

cells were investigated. As shown in Fig. 2E, CK effectively
suppressed the expression of MMP-2 and MMP-9, suggesting
that CK may inhibit the migration and invasion of GBM cells
by decreasing MMP-2 and MMP-9 expression.

Compound K induces GO/GI phase arrest in glioblastoma
cells. To determine whether the antiproliferative effect of CK
on GBM cells was caused by cell cycle arrest, the effect of CK
on the cellular cell cycle distribution was quantified using flow
cytometric analysis. US7MG and U373MG cells were treated
with 50 uM of CK for 24 h. As shown in Fig. 3A and B, CK
induced GO/G1 phase arrest (an increase in the proportion of
arrested cells from 68.6 to 80.7% for US7MG cells and from
66.0 to 77.3% for U373MG cells) along with a decrease of S
and G2/M phases when compared with the control cells.

The D-type cyclins (cyclins D1, D2 and D3) are important
regulators for the transition from GO/G1 phase to S phase of
the cell cycle (23,24). Therefore, the effect of CK on the expres-
sion of cell cycle regulators was assessed. As shown in Fig. 3C,
50 uM of CK led to a significant decrease in the protein levels
of cyclin D1 and D3 in both U87MG and U373MG cells. This
demonstrates that CK blocked cell cycle progression at the
GO0/G1 phase, thereby inhibiting GBM cell proliferation.

Compound K induces apoptosis in glioblastoma cells. To
further elucidate the anticancer effect of CK in GBM cells,
cellular apoptosis was quantitatively measured using flow
cytometric analysis following Annexin V-FITC and PI dual
labeling. Annexin V is a marker of early apoptosis and PI is a
marker of late apoptosis and necrosis (25,26). When U87TMG
and U373MG cells were treated with CK at either 50 or
75 uM for 24 h, the total amount of early and late apoptotic
cells were markedly increased in a dose-dependent manner
after CK treatment in comparison with controls (from 2.36 to
26.92% for USTMG cells and from 1.34 to 47.8% for U373MG
cells; Fig. 4). This indicates that CK induced apoptotic cell
death in GBM cells.
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Figure 5. The effect of CK on the nuclear apoptosis of GBM cells. (A) US7MG and (B) U373MG cells were incubated in the absence or presence of CK (25, 50
and 75 uM) for 24 h. The changes of nuclear morphology were monitored by DAPI staining. Scale bar, 50 ym.
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Figure 6. The effect of CK on the intracellular ROS generation in GBM cells. (A) U87MG and (B) U373MG cells were incubated in the absence or presence of
CK (25, 50 and 75 uM) for 24 h. ROS levels were detected with DCFH-DA using a fluorescence microscope. Scale bar, 50 ym.
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Figure 7. The effect of CK on the mitochondrial membrane potential in GBM cells. (A) U87MG and (B) U373MG cells were treated with CK (25, 50 and
75 uM) for 24 h and stained with JC-1. Fluorescence images were obtained with a fluorescence microscope. Scale bar, 50 ym.

Next, we investigated whether CK causes nuclear apoptotic The elevated formation of intracellular ROS plays an impor-
changes in GBM cells. DAPI staining revealed that CK induced  tant role in mediating apoptotic processes (27). Therefore,
the nuclear condensation and fragmentation of U87MG and  to determine whether ROS are involved in the regulation of
U373MG cells in a dose-dependent manner (as indicated by  apoptosis induced by CK, the intracellular generation of ROS
the arrows in Fig. 5). in GBM cells was observed using the fluorescent DCFH-DA



420

A B
UsTMG U37IMG
Cleaved —
caspase-3 |g ; - m
ST L
caspase-9 |
F-Akt\ oy e ‘ |" ‘

p-mTOR

et

|

3
&

boa

il

o - -
B-actin --] |--‘
CK(uM) - 50 75 - 50 75
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cleaved caspase-9, phospho-PI3K, PI3K, phospho-Akt, Akt, phospho-mTOR
and mTOR were detected by western blotting. The levels of 3-actin were used
as an internal control.

product. As shown in Fig. 6, CK dose-dependently elevated
the production of ROS in U§7MG and U373MG cells in
comparison with control cells.

Mitochondrial dysfunction is an early occurring event
during apoptosis and includes a change in the MMP (28).
Therefore, changes in the MMP of U87MG and U373MG
cells after CK treatment was investigated using JC-1. As
shown in Fig. 7, the control cells exhibited a low level of green
fluorescence and a high red fluorescence (i.e., a large nega-
tive MMP), whereas treatment with CK led to an increase
in green fluorescence and a decrease in red fluorescence in
a dose-dependent manner (i.e., a loss of MMP). These data
demonstrate that mitochondrial dysfunction may be closely
related to CK-induced apoptosis of GBM cells.

Subsequently, the effect of CK on caspase activity was
assessed to determine whether CK induces caspase-dependent
apoptosis in GBM cells. Western blot analysis indicated that
treatment with CK resulted in cleavage of PARP as well as
activation of caspase-3 and -9 in U87MG and U373MG
cells (Fig. 8). These results therefore suggest that CK induces
apoptosis in a caspase-dependent manner in GBM cells.

Theoncogenic phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt)/mammalian target of rapamycin (mTOR)
signaling axis plays a key role in the regulation of prolifera-
tion and death of various cancer cells (29). The effect of CK
on the PI3K/Akt/mTOR activation was therefore investigated
in GBM cells. CK significantly inhibited the phosphoryla-
tion of PI3K, Akt and mTOR in both U87MG and U373MG
cells (Fig. 8), indicating that CK exhibits anti-proliferative and
apoptotic effects in GBM cells by negatively regulating the
PI3K/Akt/mTOR signaling axis.

Compound K suppresses self-renewal capacity and inva-
siveness of glioblastoma stem-like cells. The stem cell
subpopulation in GBM has been proposed to be a central driver
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Figure 9. The growth inhibitory effect of CK on glioblastoma stem-like cells.
(A) US7MG and (B) U373MG GSCs were treated with increasing concentra-
tions of CK (0, 6.25, 12.5, 25, 50 and 100 M) for 7 days and cell growth was
measured by WST-1 assay. ‘P<0.05 vs. the control.

of tumor initiation, progression, recurrence and therapeutic
resistance (30). To assess the therapeutic effect of CK against
cancer stem cell-like phenotypes of GBM cells, spheroid
cultures for the expansion of cancer stem cell populations from
U87MG and U373MG cells was examined.

The effect of CK on the growth of GSCs derived
from U87MG and U373MG cells was determined using a
water-soluble tetrazolium salt method. As shown in Fig. 9,
CK remarkably inhibited the growth of GSCs at 50 uM.
Furthermore, the neurosphere formation for both GSC
types were markedly suppressed by treatment with 50 yM
CK (Fig. 10). Therefore, CK treatment demonstrated a reduc-
tion in the self-renewal capacity of GSCs, including cell
growth and clonogenicity.

The invasion capabilities of GSCs also contributes to the
initiation of cancer metastasis (31). As such, the anti-invasive
potential of CK on GSCs from U87MG and U373MG cells
was evaluated. The Matrigel invasion assay revealed that CK
resulted in a dose-dependent reduction in the invasiveness of
both GSCs (Fig. 11).

The increased expression of transcription factors, such as
Sox2, Oct4 and Nanog, has been reported to induce stem-like
properties (32). Accordingly, CK treatment reduced the expres-
sion levels of the key stemness transcription factors, as well as
CD133, a cell surface marker for GSCs, suggesting that the
inhibitory effect of CK against GSCs may be associated with
the downregulation of stemness regulators in GBM (Fig. 12).

Discussion

CK is an active ginsenoside metabolite that has been used
worldwide for preventative and therapeutic purposes (33,34).
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Figure 11. The effect of CK on the invasion ability of glioblastoma stem-like cells. The invasiveness of (A) U§7MG and (B) U373MG GSCs was analyzed using
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Figure 12. The effect of CK on stemness markers in glioblastoma stem-like
cells. (A) US7MG and (B) U373MG GSCs were treated with CK (50 and
75 uM) for 24 and 48 h, and the protein levels were detected by western
blot analysis using specific antibodies. The levels of B-actin were used as an
internal control.

A number of studies have shown that CK possesses anticancer
activity against a variety of cancer cells in vitro and in vivo
through the inhibition of oncogenic signaling pathways (35).
However, the anticancer effects and underlying mechanisms
of CK in GBM is not fully understood.

The present study assessed the chemotherapeutic ability of
CK against GBM. Our results demonstrated that CK signifi-
cantly inhibits the growth, metastatic potential, and stemness of
GBM cells (Fig. 13). As detected by MTT and colony forming
assays, CK suppressed the growth of US7MG and U373MG
cells. The antiproliferative effect of CK on GBM cells was
caused by arresting cell cycle progression at the GO/G1 phase
and inducing apoptotic cell death. CK treatment resulted
not only in the downregulation of cyclin D1 and cyclin D3
expression, but also the activation of caspase-3, caspase-9 and
PARP in both GBM cell types. In addition, CK suppressed the
phosphorylation of PI3K, Akt and mTOR, suggesting that CK
might promote GO/G1 cell cycle arrest and caspase-dependent
apoptosis through the blockade of PI3K/Akt/mTOR-mediated
pathways in human GBM cells.

Tumor metastasis is promoted by the increased activity
of proteolytic enzymes that are involved in the destruction of
the ECM (36). Proteolytic enzymes, including MMPs, have
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Figure 13. Proposed molecular mechanisms of anticancer action of compound K in human glioblastoma cells.

been overexpressed during tumor progression (37). Notably,
elevated levels of MMP-2 and MMP-9 have been closely
associated with the migration and invasion of human GBM
cells (38). In the present study, CK also inhibited the migration
and invasion of U§7MG and U373MG cells by downregulating
the expression of MMP-2 and MMP-9. Taken together, these
findings indicate that CK possesses promising anticancer
activity against GBM cells via the suppression of cell growth
and metastasis.

Traditional therapies for cancer, such as surgical resection,
chemotherapy and radiotherapy, have several limitations that
lead to cancer recurrence (39). Causes of cancer relapse include
incomplete resection, a high proliferative ability and resis-
tance to chemotherapy and radiotherapy (40). In recent studies,
cancer stem cells (CSCs) have been proposed as central drivers
of tumor initiation, progression, recurrence and therapeutic
resistance (41). CSCs, a subpopulation of tumor cells, have the
ability to increase in number through self-regeneration and
differentiate into various cell types (42). Increasing evidence
has revealed that GBM also contains CSCs that contribute to
tumor progression and treatment resistance (43). Therefore,
targeting GSCs will improve outcomes for patients with GBM.
In the present study, we determined the inhibitory effect of CK
against the cancer stem cell-like phenotypes of U87MG and
U373MG cells that were propagated through spheroid culture
in serum-free media (44). CK treatment significantly reduced
both the self-renewal capacity, including cell growth and
clonogenicity, and the invasive potential of GSCs derived from
U87MG and U373MG cells. Furthermore, CK inhibited the
expression of key stemness markers for GSCs, such as CD133,
Nanog, Oct4 and Sox2, which contribute to self-renewal,
multilineage capabilities and heterogeneity in GSCs (45).
Therefore, these results suggest that CK has the potential to
eradicate GSCs via downregulation of cell surface glycopro-
teins and stemness regulatory transcription factors in GSCs.

In conclusion, the present study provides novel insights into
the molecular mechanisms involved in the anticancer effect of
CK in GBM for both cancer cells and cancer stem-like cells.
The blood-brain barrier (BBB) excludes many therapeutic

compounds and thus makes GBM treatment more difficult.
Therefore, the ability of the drug to pass through the BBB
is very important for efficient treatment of GBM. Although
the capability of CK to cross the BBB is unclear, it has been
reported to have neuroprotective and cognition enhancing
effects (46). In addition, highly lipophilic ginsenoside Rd
can diffuse across the BBB in an energy deficient environ-
ment (47). In light of the above, CK, as a metabolite of Rd, may
cross the BBB. Together, our findings suggest that CK could
potentially be useful in GBM treatment.

However, the precise mechanisms regarding how CK
regulates multiple signaling pathways remain unclear.
Several studies have demonstrated that CK inhibits colorectal
cancer cell growth and induces apoptosis by downregulating
histone deacetylase (HDAC) and DNA methyltransferase
(DNMT) (17,48). CK also reduces proliferation and increases
apoptosis through the inhibition of epidermal growth factor
receptor (EGFR) and fibroblast growth factor receptor
(FGFR) activation in colon cancer and myeloma cells
respectively (49,50). Therefore, CK may regulate multiple
downstream signaling pathways that are important for
proliferation, apoptosis, metastasis, and stemness in GBM by
targeting growth factor receptors, such as EGFR, insulin-like
growth factor receptor (IGFR), FGFR, platelet-derived growth
factor receptor (PDGFR) and hepatocyte growth factor
receptor (c-Met), as well as key enzymes mediating the epigen-
etic regulation of gene expression, such as HDAC and DNMT.
Further studies to identify the upstream cellular target proteins
for CK will be needed to understand the exact mechanisms
controlling the anticancer activity of CK against GBM.
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