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Background: Breast cancer is a severe disease and the second leading cause of cancer death in women
worldwide. To surmount this, various diagnosis and treatment options for breast cancer have been
developed. One of the most effective strategies for cancer treatment is to induce apoptosis using natu-
rally occurring compounds. Compound K (CK) is a ginseng saponin metabolite generated by human
intestinal bacteria. CK has been studied for its cardioprotective, antiinflammatory, and liver-protective
effects; however, the role of CK in breast cancer is not fully understood.
Methods: To investigate the anticancer effects of CK in SKBR3 and MDA-MB-231 cells, cell viability assays
and flow cytometry analysis were used. In addition, the direct targets of CK anticancer activity were
identified using immunoblotting analysis and overexpression experiments. Invasion, migration, and
clonogenic assays were carried out to determine the effects of CK on cancer metastasis.
Results: CK-induced cell apoptosis in SKBR3 cells as determined through 3-(4-5-dimethylthiazol-2-yl)-2-
5-diphenyltetrazolium bromide assays, propidium iodide (PI) and annexin V staining, and morphological
changes. CK increased the cleaved forms of caspase-7, caspase-8, and caspase-9, whereas the expression
of Bcl-2 was reduced by CK. In assays probing the cell survival pathway, CK activated only AKT1 and not
AKT2. Moreover, CK inhibited breast cancer cell invasion, migration, and colony formation. Through
regulation of AKT1 activity, CK exerts anticancer effects by inducing apoptosis.
Conclusion: Our results suggest that CK could be used as a therapeutic compound for breast cancer.
� 2019 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer is the most common type of cancer in women.
Every year, approximately 500,000 deaths occur in women
worldwide because of breast cancer, which is the second leading
cause of global death in women [1,2]. Although many methods of
diagnosis of and treatment for breast cancer have developed and
patients are offered various treatment options such as chemo-
therapy, radiotherapy, and endocrine therapy, the incidence of
breast cancer is still increasing rapidly [3]. Breast cancer is a het-
erogeneous disease represented by conditions with unique histo-
pathological and molecular characteristics. Tumors are
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characterized based on the responsiveness of estrogen receptor,
progesterone receptor, and human epithelial growth factor recep-
tor-2 (HER2). Approximately 15e20% of patients with breast cancer
overexpress HER2, leading to a high risk of relapse and a short
survival period [4]. Although many drugs targeting HER2-positive
breast cancer have been developed, conventional treatments are
not very successful. Therefore, it is very important to study other
chemotherapeutic drugs that can effectively treat breast cancer,
especially HER2-positive breast cancer.

Tumors are caused by imbalance of cell proliferation and
apoptosis. Because the apoptosis mechanism induces programmed
cell death, approaches to suppress the growth of cancer cells and
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Table 1
List of primers for RT-PCR used in this study

Gene Sequence (50 to 30)

Bcl2
F ACAACATCGCCCTGTGGATGAC
R ATAGCTGATTCGACGTTTTGCC

GAPDH
F CACTCACGGCAAATTCAACGGCA
R GACTCCACGACATACTCAGCAC

RT-PCR, reverse transcriptase polymerase chain reaction
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induce cell death by upregulating the apoptosis pathway have been
widely studied for cancer treatment. Numerous studies have re-
ported a variety of cancer treatments involving activation of the
apoptosis mechanism [5]. Among them are numerous natural,
plant-derived compounds that have excellent cancer-suppressing
activity via the apoptosis pathway [6]. This suggests that use of
herbal compounds that affect the mechanism of apoptosis can be
an effective strategy for development of anticancer drugs.

The roots of Korean ginseng (Panax ginseng Meyer) have been
widely used as herbal medicines in East Asia. In particular, the
biological and pharmacological effects of ginsenoside, a major
bioactive component of ginseng, have been actively investigated
[7]. Various pharmacological activities of ginsenosides, including
neuroprotective, anticancer, and antiinflammatory activities, have
been reported [8,9]. Compound K (CK), an active ingredient of
ginsenosides and a novel ginseng saponin metabolite, has recently
been found. This compound is formed through deglycosylation of
ginsenosides Rb1, Rb2, and Rc by human intestinal bacteria. CK has
cardioprotective, antiinflammatory, and liver-protective effects
[10e15]. In addition, it has recently been reported that CK has
in vivo anticancer activity in triple-negative breast cancer [16].
However, the activity and biological mechanism of CK in breast
cancer are not fully understood. The aims of this study were to
investigate the ability of CK to regulate cell proliferation and
apoptosis in SKBR3 human breast cancer cells and to elucidate the
molecular mechanism of its activity.

2. Materials and methods

2.1. Materials

CK was provided by Ambo Institute (Daejeon, Korea). SKBR3
cells were purchased from ATCC (Rockville, MD, USA). Roswell Park
Memorial Institute 1640 medium, fetal bovine serum (FBS), and
phosphate-buffered saline (PBS) were obtained from HyClone
(Grand Island, NY, USA). Dimethyl sulfoxide, 3-(4-5-
dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT),
hematoxylin, eosin, and sodium dodecyl sulfate were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). PI and annexin V
staining kits were purchased from BD Biosciences (Franklin Lakes,
NJ, USA). Total or phospho-specific antibodies were obtained from
Cell Signaling Technology (Beverly, MA, USA).

2.2. Cell culture and drug treatment

SKBR3 cells (HER2-positive breast cancer cell line) and MDA-
MB-231 cells (HER2-negative breast cancer cell line) were
cultured in Roswell ParkMemorial Institute 1640mediumwith 10%
heat-inactivated FBS and 1% penicillin and streptomycin at 37�C
and 5% CO2. For each experiment, trypsin was used to detach the
SKBR3 cells, and the stock solution of CK was diluted in dimethyl
sulfoxide.

2.3. Cell viability assay

SKBR3 cells (5 � 105 cells/mL) were seeded in 96-well plates for
18 h and then incubated with varying concentrations of CK. After
the indicated times, cell viability was measured using a conven-
tional MTT assay as described previously [17].

2.4. PI and annexin V staining

SKBR3 cells were plated and incubated overnight. The cells were
treated with CK for 6 h, collected, and washed with PBS. The cells
were then stained with two apoptotic markers following the
manufacturer's instructions.
2.5. Preparation of cell lysates and Western blot assay

The cell lysates from CK-treated SKBR3 cells were prepared us-
ing lysis buffer (20 mM Tris-HCl, pH 7.4, 2 mM EDTA, 2 mM
ethylene glycol tetraacetic acid, 50 mM b-glycerol phosphate, 1 mM
sodium orthovanadate, 1 mM dithiothreitol, 1% Triton X-100, 10%
glycerol, 10 mg/ml aprotinin, 10 mg/ml pepstatin, 1 mM benzamide,
and 2 mM phenylmethylsulfonyl fluoride (PMSF)). The protein
concentrations were measured using the Bradford protein assay
(Bio-Rad, USA) according to the manufacturer's instructions.
Western blotting assays were conducted as previously reported
[18].
2.6. Semiquantitative reverse transcriptase polymerase chain
reaction

To determine the mRNA expression of Bcl2, total RNA was
extracted from CK-treated SKBR3 cells using TRIzol reagent (Gibco,
Gaithersburg, MD, USA) according to the manufacturer's in-
structions. The cDNA synthesis and quantitative reverse tran-
scriptase polymerase chain reaction (RT-PCR) were performed as
previously described [19], and the primer sequences are listed in
Table 1.
2.7. Generation of short hairpin RNAeexpressing cell lines

The short hairpin RNA (shRNA) coding sequences against AKT1-
or AKT2-containing constructs were cloned following the Addgene
protocol (www.addgene.org). Nontargeting scrambled shRNA se-
quences and AKT1 or AKT2 shRNA sequences were cloned into the
pLKO.1 vector. Lentivirus was produced using transient HEK293T
cell transfection. SKBR3 cells were infected with the virus, and the
infected cells were selected through puromycin treatment. The
knockdown levels of AKT1 and AKT2 were confirmed by
immunoblotting.
2.8. Invasion assay

To analyze the invasive ability of SKBR3 cells, invasion assays
were performed as previously reported [20]. Briefly, Matrigel (BD
Biosciences, San Jose, CA) was diluted with serum-free Dulbecco's
Modified Eagle Medium (DMEM) (1:3) and used to coat the upper
surface of the transwell chamber. The lower chamber was filled
with culture medium containing 10% FBS, SKBR3 cells, and various
concentration of CK and was incubated at 37�C for 48 h. The cells
were fixed in 4% formaldehyde and then stained with hematoxylin
and eosin. Images of the cell invasion were produced using a mi-
croscope, and the invasion area was measured using Image J soft-
ware (Research Services Branch, National Institute of Mental
Health, Bethesda, MD).

http://www.addgene.org
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2.9. Clonogenic assay

SKBR3 cells (1 � 103 cells/well) were plated on 6-well plates and
incubated with CK for 6 h. The CK was then removed, and the cells
were incubated for at least 10 more days until colony formation. The
mediumwasdiscarded, and the cellswerewashedoncewithPBS. The
cellswere thenfixed infixation buffer (1:7 acetic acid:methanol) for 5
min. The fixation buffer was removed via suction, and the cells were
incubated with 0.5% crystal violet solution for 2 h. The stained cells
werewashedwith tapwater anddried. Images of cellswere captured,
and the areas of colonies were measured using Image J software.

2.10. Migration assay

SKBR3 cells (1 � 106 cells/ml) were plated. The cells were then
scratched using a disposable pipette tip and carefully washed with
PBS twice to remove the detached cells. The cells were treated with
CK in a dose-dependent manner. At each time point (0e24 h), the
wound was observed by microscopy [21].

2.11. Statistical analysis

All data presented in this study are expressed as
mean � standard deviation of experiments performed with three
Fig. 1. In vitro anticancer effects of CK on SKBR3 cells. (A) Viability of SKBR3 cells treated with
antiapoptotic effects of CK were determined by measuring the numbers of apoptotic cells aft
CK (0e50 mM) for 24 h, and morphological changes were cataloged using an optical micr
dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide.
replicates. For statistical comparisons, the results were analyzed
using either analysis of variance with the Scheffe post hoc test (for
normally distributed data) or the KruskaleWallis or Manne
Whitney tests (for nonnormally distributed data). A p-value <

0.05 was considered statistically significant.

3. Results

3.1. The induction of the cell death by CK in SKBR3 cells

To investigate the anticancer activities of CK, we first evaluated
the cell growth of SKBR3 human breast cancer cells using cell
viability assay. SKBR3 cells were treated with CK (0e50 mM) for 3e
24 h. The growth of SKBR3 cells was significantly inhibited by CK in
a time- and dose-dependent manner (Fig. 1A). Since the treatment
of CK-induced cell death, we further identifiedwhichmechanism of
cell death was involved. To confirm the apoptotic effects of CK, we
analyzed cell death using PI and annexin V staining (Fig. 1B). The
percentage of apoptotic cells increased (from 3.91% to 19.57%) in
proportion to CK concentration (0e50 mM). In contrast, the pro-
portion of live cells decreased from 90.7% to 63.06%. Consequently,
the CK-induced cell death was the result of apoptosis. To confirm
the apoptotic effects of CK, we further examined the morphological
changes in CK-treated SKBR3 cells. Actin cytoskeletonemediated
the indicated dose of CK (0e50 mM) for 3e24 h was measured using MTT assay. (B) The
er staining with Annexin V and propidium iodide (PI). (C) SKBR3 cells were treated with
oscope. *p < 0.05, **p < 0.01 compared with control. CK, Compound K; MTT, 3-(4-5-
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morphological changes, including apoptotic bodies and nuclear
condensation, were seen after treatment with CK for 24 h (Fig. 1C).
These results suggest that CK suppresses the proliferation of cancer
cells by increasing apoptosis.
3.2. The apoptotic activity of CK through caspase-dependent and
AKT signaling pathways in SKBR3 cells

To determine the molecular mechanism underlying the proapo-
ptotic activity of CK, we identified the active forms of caspases by
Western blot analysis. The levels of cleaved caspase-7, caspase-8, and
caspase-9, which are the active forms of procaspases, were increased
in CK-treated SKBR3 cells, and the proforms were reduced in a dose-
dependentmanner (Fig. 2A). Moreover, themRNA expression of Bcl2,
an antiapoptotic protein, was suppressed by CK treatment (Fig. 2B).
These results indicate that CK promotes apoptotic signaling cascades
via both intrinsic and extrinsic pathways. To examine which mole-
cules involved in activation of the apoptotic pathway are regulated
by CK, we further analyzed the expression of AKT, which is a primary
regulator of apoptosis. Phosphorylation of the AKT isoformAKT1was
significantly reduced in the presence of CK, but phosphorylation of
AKT2 was not inhibited by CK (Fig. 2C). The Western blotting results
suggest that AKT1 is a specific target of CK in human breast cancer
cells. To confirm this, the AKT1 and AKT2 genes were overexpressed
in SKBR3 cells treated with CK. As expected, CK clearly suppressed
the phosphorylation of AKT1 in SKBR3 cells transfected with AKT1
(Fig. 2D, left panel), but phosphorylation of AKT2 was not affected by
overexpression (Fig. 2D, right panel). These findings indicate that CK
increases apoptosis of cancer cells via downregulation of AKT1.
Fig. 2. The effect of CK on activation of apoptosis-related proteins in SKBR3 cells. (A) Caspase
against cleaved or full-length proteins. (B) SKBR3 cells were treated with CK (0e50 mM) for
protein levels of phospho- and total AKT1 and AKT2 in whole cell lysates were determined u
cells overexpressing hemagglutinin (HA)-AKT1 (left panel) or HA-AKT2 (right panel) were tre
(internal control) were identified by immunoblotting. Quantification of the band intensity wa
chain reaction.
3.3. The effects of CK on AKT activation and metastasis in SKBR3
cells

To confirm the regulation of AKT1 and AKT2 by CK at the cellular
level, cellular proliferation of AKT1-knockdown and AKT2-
knockdown SKBR3 cells was examined using MTT assays. Cell
viability was decreased only in shAKT2 cells treated with CK (25
mM) (Fig. 3A). These results confirm that CK is involved in cancer
cell death through regulation of AKT1. Because cancer metastasis is
often fatal and cancer cell migration is one of the important
markers of cancer cell invasion and metastasis [21], we analyzed
the suppressive effects of CK on metastasis using invasion and
migration assays. In the invasion assay, CK dose-dependently
reduced the invasion area of SKBR3 cells after treatment for 48 h
(Fig. 3B). For the cell migration assay, SKBR3 cells were scratched
and then treated with varying concentrations of CK, and the cell
migration ability was observed at several time points over 24 h
[22]. The cell migration rate was inhibited with 50 mM CK (Fig. 3C).
Taken together, the invasion and migration assays reveal that CK
reduces cancer cell invasion and metastasis. Clonogenic (or colony
formation) assays are typically used to validate cytotoxic agents or
anticancer therapeutics [23,24]. The number and area of SKBR3
colonies were greatly decreased by CK (50 mM) (Fig. 3D), confirming
its possible use as an anticancer compound.
4. Discussion

Ginsenosides, the major bioactive components of ginseng, have
been extensively researched, in particular for their anticancer
levels of CK-treated SKBR3 cells were analyzed using Western blotting with antibodies
6 h, and the mRNA level of Bcl2 was measured using semiquantitative RT-PCR. (C) The
sing immunoblotting after treating SKBR3 cells with CK (0e50 mM) for 6 h. (D) SKBR3
ated with CK (0e50 mM) for 6 h. The protein levels of phospho-AKT1/2, HA, and b-actin
s carried out using Image J. CK, Compound K; RT-PCR, reverse transcriptase polymerase



Fig. 3. The effects of CK on AKT activation and metastasis. (A) SKBR3 cells were treated with shAKT1 or shAKT2 in the presence or absence of CK (25 mM) for 24 h, and cell
proliferation was determined by MTT assay. (B) The invasion capacity of SKBR3 cells treated with various dosages of CK (0e25 mM) for 24 h was analyzed by hematoxylin and eosin
staining. Quantification of invasion capacity was performed using Image J software. (C) The effects of CK on cell migration were evaluated by wound healing assay. A wound was
created by scraping the cell monolayer using a pipette tip. Photographs were captured using a digital camera after 24 h of treatment with CK (0e25 mM). (D) In the clonogenic assay,
SKBR3 cells were seeded on plates and incubated until the colonies formed. The colonies were stained with 0.5% crystal violet, and their areas were measured using Image J
software. *p < 0.05, **p < 0.01 compared with control. CK, Compound K; MTT, 3-(4-5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide.
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Fig. 4. Schematic of the anticancer mechanisms of CK in SKBR3 cells. CK, Compound K.
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activity in angiogenesis and metastasis [25e27]. In addition, CK,
which was recently discovered as an active ingredient of ginseno-
sides, has been studied for its pharmacological activities such as
antiproliferative and neuroprotective effects [28,29]. Specifically,
recent studies have shown that CK exerts antitumor effects through
induction of apoptosis in leukemia and prostate cancer cells [30e
32]. However, there are few reports on the anticancer activity of
CK in breast cancer, and the molecular mechanisms of this com-
pound have not been fully elucidated. SKBR3 is a hormone-
independent human breast cancer cell line. Because SKBR3 over-
expresses the HER2 gene (Neu/ErbB-2), an important regulator in
the progression of certain types of breast cancer, this cell line is
widely used for the development of breast cancer therapies tar-
geting HER2 [33]. Thus, we aimed to investigate the antitumor
activities of CK in human breast cancer SKBR3 cells and its mo-
lecular mechanism.

Apoptosis is an important biological response that prevents
excessive cell growth, but defects in apoptosis cause various dis-
eases including cancer [34]. For this reason, cancer therapy stra-
tegies inducing apoptosis have been widely used [35]. In the
present study, we first investigated whether CK induces apoptosis
in breast cancer cells. Cell viability assays confirmed that the
growth of SKBR3 cells treated with CK was inhibited in a dose- and
time-dependent manner (Fig. 1A). In annexin V/PI fluorescent
staining, early apoptotic cells are only positive for annexin V, and
cells in which apoptosis has progressed are annexin V- and PI-
positive [36]. Using these characteristics, the cell death of SKBR3
cells was measured by flow cytometry analysis. Treatment with CK
dose-dependently increased the number of both early apoptotic
and late apoptotic SKBR3 cells (Fig. 1B). When apoptosis occurs,
apoptotic bodies appear along with morphological changes such as
nuclear shrinkage and chromatin condensation [37]. The number of
apoptotic bodies was increased in 50 mM CK-treated SKBR3 cells
(Fig. 1C). These results suggest that CK leads to cell death through
apoptosis in SKBR3 cells.

We further identified the molecular mechanism of the apoptotic
activity of CK. Apoptosis has two major signaling pathways, the
extrinsic pathway and the intrinsic pathway [38], and the related
key molecules are in the caspase family. Caspase-8 and caspase-9
are representative caspases involved in the extrinsic and intrinsic
pathways, respectively [39]. Both cleaved caspase-8 and cleaved
caspase-9, which are the active forms of procaspases, were
increased in CK-treated SKBR3 cells. Caspase-7, a downstream ex-
ecutive enzyme, was also increased by CK in a dose-dependent
manner (Fig. 2A). Furthermore, the mRNA expression of Bcl2,
which plays a role as an apoptosis inhibitor, was suppressed by CK
(Fig. 2B). Taken together, these results indicate that CK induces the
caspase-dependent apoptotic pathway.

AKT is a primary kinase involved in cell survival, and it is
important in cancer because it plays a role in the balance between
cell proliferation and apoptosis [40,41]. AKT is activated by
phosphorylation and promotes cell growth through inhibition of
apoptosis mechanisms [42]. Thus, suppression of AKT could be an
effective strategy for cancer treatment. AKT isoforms, including
AKT1, AKT2, and AKT3, are highly homologous, but they have
different expression patterns and functions [43,44]. The knockout
of AKT1 is defective in growth, whereas the knockout of AKT2 is
reported to have a problem in glucose homeostasis. In addition, it
has been reported that AKT1 regulates local tumor growth and
AKT2 regulates distant tumor dissemination in breast cancer
progression [45]. As shown in Fig. 2C and D, CK specifically
blocked the activation of AKT1, an isoform of AKT. In particular,
cell growth was clearly reduced in AKT2-knockdown SKBR3 cells
treated with CK, but there was no effect on AKT1-knockdown cells
(Fig. 3A), implying that CK inhibits cell proliferation and induces
apoptosis by targeting AKT1. Because the AKT signaling pathway
is involved in cancer metastasis, we investigated the anti-
metastatic activity of CK using migration and invasion assays. CK
significantly inhibited the invasion and migration of SKBR3 cells
in a dose-dependent manner (Fig. 3B and C). Because metastasis
determines the prognosis of patients with cancer, suppression of
metastasis is crucial to cure cancer. In this study, we ascertained
inhibitory effect of CK only in vitro not in vivo. Lee et al [16] re-
ported that that CK has in vivo anticancer activity in triple-
negative breast cancer. CK significantly reduced the tumor mass
and metastasis of colon cancer cells [46]. Based on previous
studies, CK has in vivo anticancer activities, so we could expect
that CK inhibits the cancer growth and metastasis in HER2-
positive breast cancer.

In conclusion, we demonstrated that CK strongly inhibits the
proliferation and metastasis of human breast cancer SKBR3 cells by
upregulating apoptosis, as summarized in Fig. 4. The proapoptotic
activities of CK are related to the caspase-dependent apoptotic
pathway and AKT1-mediated cell survival signaling. CK also sup-
presses the metastasis of SKBR3 cells through inhibition of AKT1
signaling. Thus, our findings suggest that CK has the potential to be
an effective chemotherapeutic drug for breast cancer treatment.
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