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Abstract. Rhabdoid tumors, which tend to occur prior to the
age of 2 years, are one of the most aggressive malignancies
and have a poor prognosis due to the frequency of metastasis.
Silibinin, a natural extract, has been approved as a potential
tumor suppressor in various studies, however, whether or
not it also exerts its antitumor capacity in rhabdoid tumors,
particularly with regards to tumor migration and invasion, is
unclear. The rhabdoid tumor G401 cell line was used in the
present in vitro study. An MTT assay was used to assess the
cytotoxicity of silibinin on G401 cells, cell migration was
studied using a wound healing assay and a Transwell migra-
tion assay, and cell invasion was determined using a Transwell
invasion assay. The underlying mechanism in silibinin inhib-
ited cell migration and invasion was investigated by western
blot analysis and further confirmed using a specific inhibitor.
Experimental results demonstrated that high doses of silib-
inin suppressed cell viability, and that low doses of silibinin
inhibited cell migration and invasion without affecting cell
proliferation. The phosphatidylinositol 3-kinase/protein
kinase B (PI3K/Akt) signaling pathway was involved in the
silibinin-induced inhibition of metastasis. Silibinin inactivated
the PI3K/Akt pathway, and inhibited cell migration and inva-
sion, an effect that was further enhanced when LY294002,
a classic PI3K inhibitor, was used concurrently. In general,
silibinin inhibits migration and invasion of the rhabdoid tumor
G401 cell line via inactivation of the PI3K/Akt signaling
pathway and may be a potential chemotherapeutic drug to
combat rhabdoid tumors in the future.
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Introduction

Rhabdoid tumors are the most common sarcoma derived
from the soft tissues in patients under the age of 20 years.
Approximately 10% of pediatric solid tumors are rhabdoid
tumors, accounting for ~50% of all rhabdoid tumor malig-
nancies (1,2). Proliferation and metastasis are two typical
characteristics of rhabdoid tumors and 90% of affected
patients are expected to succumb within 5 years. Surgery
combined with systemic radiotherapy is recommended to
promote survival, particularly in pediatric patients. However,
amputation is unavoidable in certain circumstances and
presents a substantial physical and psychological challenge to
patients and their families (3-5). Proton radiotherapy provides
hope to patients with rhabdoid tumors, as it efficiently inhibits
tumor growth and metastasis without damaging normal
tissues or impairing growth or development. However, it is
difficult to widely utilize proton radiotherapy, particularly in
developing countries, due to its limitations and high cost (6-8).
Chemotherapy drugs, including Adriamycin and cyclophos-
phamide, have been trialed in certain cases, but their outcomes
remain uncertain (8). Therefore, identification of effective and
affordable drugs to cure rhabdoid tumors is required.

Silibinin is a natural extract obtained from milk thistle
(Silybum marianum) that has been widely used in Asian coun-
ties as an anti-oxidant drug (9). One of its known functions is
liver protection, as it stabilizes the cell membrane and reduces
reactive oxygen species in liver cells (10,11). In addition to
its role in normal cell protection, silibinin has attracted more
attention due to its potential antitumor capacities. Silibinin
triggers apoptosis, induces cell cycle arrest or autophagic cell
death to inhibit cell proliferation, and suppresses cell migra-
tion and invasion in a variety of cancer models, including
breast, prostate, bladder and renal cancer types (12-15). Further
investigation is required to determine whether or not silibinin
inhibits rhabdoid tumors, particularly with regards to tumor
cell migration and invasion.

The phosphatidylinositol 3-kinase/protein kinase B
(PI3K/Akt) signaling pathway serves a pivotal function in cell
homeostasis and has been revealed to be involved in cell prolif-
eration and metastasis regulation (16,17). Multiple studies have
revealed that the PI3K/Akt signaling pathway is extensively
activated in a variety of tumor types, including breast cancer,
prostate cancer and rhabdoid tumors; inactivation of PI3K/Akt
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using specific inhibitors or other anticancer drugs leads to
cell proliferation inhibition, migration and invasion suppres-
sion (18-21). Silibinin has been reported to be a PI3K/Akt
suppressor and thus inhibit tumorigenesis and cancer progres-
sion (22,23). Whether or not PI3K/Akt is also affected by
silibinin in rhabdoid tumors is unclear and requires further
clarification.

To the best of our knowledge, the present study was the
first to evaluate the antitumor capacity of silibinin in rhabdoid
tumors, with respect to cell viability, migration and invasion,
with a specific focus on the inactivation of the PI3K/Akt
signaling pathway.

Materials and methods

Reagents. Silibinin (cat. no. S0417), MTT (cat. no. M2128),
protease inhibitor (cat. no. P8340) and phosphatase inhibitor
(cat.no. MSSAFE) were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). The PI3K inhibitor LY294002
(cat. no. S1105) and proliferation inhibitor mitomycin C (cat.
no. S8146) were purchased from Selleck Chemicals (Houston,
TX, USA). Matrix gel (cat. no. 356234) was purchased from
BD Biosciences (San Jose, CA, USA). The bicinchoninic
acid (BCA) protein qualification kit (cat. no. 23225) was
purchased from Pierce; Thermo Fisher Scientific, Inc.
(Waltham, MA, USA). Anti-phosphorylated-Akt (Ser473;
cat. no. 4060), anti-total (t)-Akt (cat. no. 4691), anti-GAPDH
(cat. no. 5174) primary antibodies, and horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (H+L) (cat. no. 7074)
and HRP-conjugated horse anti-mouse IgG (H+L) (cat.
no. 7076) secondary antibodies were purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA). Dilutions
for primary antibodies and secondary antibodies were 1:1,000
and 1:10,000 respectively.

Cell culture. The human rhabdoid tumor G401 cell line was
purchased from the American Type Culture Collection (cat.
no. CRL-1441; ATCC, Manassas, VA, USA) and cultured
in complete medium which contained ATCC-formulated
McCoy's 5A modified medium (cat. no. 30-2007; ATCC)
supplemented with 10% fetal bovine serum (FBS; cat.
no. 10438026; Thermo Fisher Scientific, Inc.), 100 U/ml peni-
cillin and 0.1 mg/ml streptomycin. Cells were incubated in a
cell culture incubator (cat. no. 3308; Thermo Fisher Scientific,
Inc.) with a humidified atmosphere containing 5% CO, at
37°C. An inverted microscope at x40 magnification (Olympus,
Tokyo, Japan) was used to observe cells and to capture images.
When cells achieved 90-100% confluency, cells were digested
by 0.25% trypsin in 0.53 mM EDTA solution and centrifuged
at 100 x g for 5 min at room temperature. Cultured medium
was replaced every other day or according to the experimental
design.

Cell viability assay. An MTT assay was used to determine
cell viability. A total of 200 xl medium containing 3,000 cells
was placed into each well of a 96-well plate overnight in the
cell culture incubator at 37°C. The next day, culture medium
was replaced with complete medium containing 10, 20 or
40 uM silibinin or DMSO and cells were incubated in the
cell culture incubator at 37°C for 24 h. MTT was added to the
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medium to obtain a final concentration of 0.5 mg/ml 4 h prior
to harvest. The medium was aspirated in each well and 150 ml
dimethylsulfoxide (DMSO) per well was added to dissolve
the precipitates. The color change was then measured, and
the optical density (OD) value was read by a plate reader at a
wavelength of 490 nm.

Wound healing assay. A 6-well plate was used to perform
a wound-healing assay and each well was seeded with
500,000 cells in 2 ml ATCC-formulated McCoy's SA modified
medium supplemented with 10% FBS, 100 U/ml penicillin
and 0.1 mg/ml streptomycin. When the cell density reached
100% confluence, wounds were scratched using 200-u1 pipet
tips in each well and were rinsed with 37°C preheated phos-
phate-buffered saline (PBS) 3 times. Cells were then cultured
in 2 ml ATCC-formulated McCoy's 5SA modified medium
supplemented with 100 U/ml penicillin and 0.1 mg/ml strepto-
mycin containing 20 M silibinin, 10 yM LY294002, both or
vehicle (DMSO), and 1 pg/ml mitomycin C was added to each
well. An inverted microscope at x40 magnification (Olympus,
Tokyo, Japan) was used to image these wounds at designated
time points, 12 and 24 h.

Transwell migration and invasion assays. Cells were cultured
in a 6-well plate and treated with 20 M silibinin, 10 xgM
LY294002, both or vehicle (DMSO), once they had reached
60% confluence. After 24 h of treatment, the cells were
digested and centrifuged at 100 x g for 5 min at room tempera-
ture. A total of 30,000 cells were seeded onto a Millicell (cat.
no. PSETO10R1; Merck KGaA, Darmstadt, Germany) without
matrix gel (migration assay) or 100,000 cells were seeded
with matrix gel (invasion assay) in 200 ul ATCC-formulated
McCoy's 5SA modified medium supplemented with 100 U/ml
penicillin and 0.1 mg/ml streptomycin. The Millicells were
then placed into the wells of a 12-well plate. The space inside
Millicells was considered to be upper chamber, while the space
between the bottom of Millicells and the bottom of the 12-well
plate was considered to be lower chamber. The lower chamber
of each well was filled with 800 ul ATCC-formulated McCoy's
5A modified medium supplemented with 10% FBS, 100 U/ml
penicillin and 0.1 mg/ml streptomycin, prior to being placed
into the cell culture incubator for 24 h to allow cells to migrate
or invade. When the Millicells were harvested, medium was
aspirated, and the membranes from the inserts were washed
with 4°C PBS 3 times, fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet at room temperature for 15 min
respectively. The membranes were then cut and placed onto
slides. Migrated and invaded cells were then observed and
images were captured using a bright-field light microscope (at
x100 magnification; Olympus, Tokyo, Japan).

Western blot analysis. Treated cells were washed with
pre-chilled (4°C) PBS 3 times prior to being solubilized by
radioimmunoprecipitation assay buffer (cat. no. 89900;
Thermo Fisher Scientific, Inc.) containing protease inhibitor
and phosphatase inhibitor. Lysate was then sonicated and
centrifuged at 14,000 x g for 10 min at 4°C. The supernatant
of each lysate was placed into a different tube, qualified by the
BCA qualification system and boiled with 4X loading buffer
(cat.no. NP0O0O7; Thermo Fisher Scientific, Inc.). In total, 30 ug
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Figure 1. Silibinin inhibits migration and invasion of G401 in a concentration-dependent manner. (A) Cells were treated with silibinin (10, 20 and 40 M)
or vehicle (DMSO) for 24 h and cell viability was confirmed using an MTT assay. (B and C) Cells were treated with silibinin (10, 20 and 40 zM) or vehicle
(DMSO) and cell migration was confirmed using a wound healing assay at 12 and 24 h. (D) Cells were treated with silibinin (10, 20 and 40 xM) or vehicle
(DMSO) for 24 h and then Transwell migration and invasion assays were performed. "P<0.05 vs. DMSO control. OD, optical density.

protein of each sample was loaded onto each column in 12%
SDS-PAGE gel and electrophoresis was performed. Proteins
were subsequently transferred onto a polyvinylidene fluoride
membrane. Membranes were blocked with 5% milk at room
temperature for 1 h and incubated with primary antibodies for
2 h at room temperature or overnight at 4°C. Membranes were
washed with Tris-buffered saline plus 0.1% Tween (TBST)
and subsequently incubated with secondary antibodies for 1 h
at room temperature. Bands in the membranes were visualized
using ECL reagents (cat. no. 1705060; Bio-Rad Laboratories,
Inc.) and were detected by ChemiDoc™ XRS+ system
(Bio-Rad Laboratories, Inc.). The density of the bands was
quantified by ImageJ software (version 1.50g 13; National
Institutes of Health, Bethesda, MD, USA).

Statistical analysis. All experiments were performed
=3 times. GraphPad Prism 5 (GraphPad software, La Jolla,
CA, USA) was utilized to generate graphs. Data are presented
as the mean =+ standard deviation and the differences between
experimental groups were analyzed using one-way analysis of
variance by SPSS 17.0 (IBM, Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Silibinin inhibits migration and invasion of G401 cells in a
dose-dependent manner. G401 is a well-established cell line
derived from the kidney of a 3-month-old male patient. It
was first classified as a Wilm's tumor cell line, but this was
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Figure 2. PI3K/Akt signaling pathway is inactivated by silibinin in G401 cells. (A) Cells were treated with silibinin (10, 20 and 40 xM) or vehicle (DMSO) for
24 h and harvested by radioimmunoprecipitation assay lysis buffer. p-Akt (Ser473) and t-Akt were confirmed by western blot analysis. (B) Cells were treated
with 20 M silibinin, 10 xM LY294002, both or vehicle (DMSO) for 24 h. p-Akt (Ser473) and t-Akt were confirmed by western blot analysis. GAPDH was
used as the loading control. "P<0.05 vs. control unless otherwise stated. PI3K/Akt, phosphatidylinositol 3-kinase/protein kinase B; p-, phosphorylated; t-, total.

subsequently corrected and it is now known to be a rhabdoid
tumor cell line (24). This cell line has been utilized by several
groups and has been proven to be an ideal in vitro model for
studying rhabdoid tumors (25-27). However, whether or not the
oncological behavior of G401 cells can be affected by silibinin
remains unclear.

Low doses of silibinin have been demonstrated to inhibit
cell migration and invasion in various tumor models in vivo
and in vitro. In the present study, an MTT assay was initially
used to select the doses that did not significantly affect cell
growth over a treatment period of 24 h. As demonstrated
in Fig. 1A, when cells were treated with 10, 20 or 40 uM
silibinin for 24 h, cell viability was unaffected compared with
the DMSO control and thus, doses were chosen to be used in
subsequent studies. High doses of silibinin and longer expo-
sure times were revealed to significantly decrease cell viability
(data not shown).

A wound healing assay is a convenient, economic and
reliable assay for studying cell migration. Therefore, in
order to evaluate whether silibinin affects the migration
of G401 cells, a wound healing assay was performed. As
demonstrated in Fig. 1B and C, when the cells were treated
with silibinin, they migrated more slowly as the wounds had
less closure. To further confirm this finding, a Transwell migra-
tion assay was performed and similar results were obtained
(Fig. 1D).

To study the impact of silibinin on cell invasion, a Transwell
invasion assay was performed. In this assay, cells will invade
the other side of the membrane only when the pre-coated
Matrigel is digested by the cells themselves. As demonstrated

in Fig. 1D, silibinin significantly inhibited cell invasion in a
concentration-dependent manner.

These results indicate that silibinin inhibits G401 migra-
tion and invasion independent of its growth inhibition ability.

PI3K/Akt signaling pathway is inactivated by silibinin in
G401. The PI3k/Akt signaling pathway serves a pivotal
function in cell homeostasis and is a crucial regulator of cell
growth, migration and invasion. Whether or not this pathway
is involved in the silibinin-induced inhibition of migration and
invasion remains unclear. Therefore, western blot analysis was
performed in order to confirm this hypothesis. As presented
in Fig. 2A, p-Akt (Ser473) was suppressed by silibinin, while
t-Akt was not significantly affected. To further confirm the
function of the PI3k/Akt pathway, LY294002, a classic PI3K
inhibitor, was used. LY294002 and silibinin independently
inhibited the activation of p-Akt without affecting the total
level of Akt. When these two reagents were used in combi-
nation, the PI3K/Akt inhibition effect was further enhanced
(Fig. 2B). These results suggest that the PI3K/Akt signaling
pathway is suppressed when cells are treated with silibinin.

PI3K/Akt signaling pathway is involved in the inhibition of
migration and invasion induced by silibinin. Since silibinin
was confirmed to be a PI3K/Akt suppressor in the G401 cell
line and as silibinin inhibits the migration and invasion of
G401 cells, the role of PI3K/Akt inactivation in the silib-
inin-induced inhibition of migration and invasion requires
further investigation. In the wound healing assay, silibinin
and LY294002 independently suppressed wound closure,
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Figure 3. PI3K/Akt signaling pathway is involved in the silibinin-induced inhibition of migration and invasion. Cells were treated with 20 xM silibinin, 10 xM
LY294002, both or vehicle (DMSO). Cell migration was assessed by (A and B) wound healing assay and (C and D) Transwell migration and invasion assays
were used to confirm cell invasion and migration. "P<0.05 vs. control unless otherwise stated. PI3K/Akt, phosphatidylinositol 3-kinase/protein kinase B; SB,
silibinin; LY, LY294002.

and when these two reagents were used in combination, the To illustrate the role served by PI3K/Akt in silib-
inhibitory effect was enhanced (Fig. 3A and B). These results  inin-induced invasion inhibition, the Transwell invasion assay
were further confirmed using a Transwell migration assay  was performed again. As presented in Fig. 3C and D, silininin
(Fig. 3C and D). and LY294002 suppressed cell invasion, as there were fewer
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invaded cells in these groups than in the control group.
Furthermore, when these two compounds were used in combi-
nation, cell invasion was further inhibited as this group had the
least invaded cells. These data suggest that the inactivation of
PI3K/Akt by silibinin positively contributes to the inhibition of
cell migration and invasion.

Discussion

Rhabdoid tumors, which usually occur in individuals under the
age of 2 years, are one of the most aggressive malignancies and
present with a poor prognosis. Surgery combined with systemic
radiotherapy is currently the recommended treatment, but the
efficiency of this method is limited due to the high metastatic
capacity of rhabdoid tumors (3-5). Therefore, metastasis
suppression, together with proliferation inhibition, is the key to
curing rhabdoid tumors. Silibinin, a natural extract, has been
approved as a potential tumor suppressor in various in vivo
and in vitro studies (13). However, whether or not silibinin also
exerts its antitumor capacity in rhabdoid tumors is unclear. To
the best of our knowledge, the present in vitro study was the
first to identify that silibinin inhibits proliferation, migration
and invasion in the rhabdoid tumor cell line, G401, via inactiva-
tion of the PI3K/Akt signaling pathway.

Numerous studies have indicated that silibinin is a powerful
antimetastatic drug; it inhibits -catenin/ZEBI1 signaling,
epithelial-mesenchymal transition and stemness in bladder
cancer in order to suppress metastasis (28). In renal cancer,
mitogen-activated protein kinases are inactivated by silibinin,
thereby suppressing cell migration and invasion (29,30). In the
present study, in G401, a rhabdoid tumor cell line, silibinin
was revealed to significantly inhibit cell migration in a wound
healing assay and a Transwell migration assay, and cell inva-
sion in a Transwell invasion assay in a concentration-dependent
manner.

The PI3K/Akt pathway is an important intracellular
signaling pathway that is directly associated with cellular
quiescence, proliferation and metastasis. PI3K is enhanced
by various factors, including, epidermal growth factor and
insulin, and is antagonized by several oncoproteins, including
phosphatase and tensin homolog (17,21). PI3K activation
facilities Akt phosphorylation and activation, localizes it at the
plasma membrane, and thereby genetically and epigenetically
affects its downstream target genes (31-34). This pathway is
known to be overactive in a number of cancer types, resulting
in reduced apoptosis and facilitated proliferation and metas-
tasis, and is therefore considered to be a potential therapeutic
target. Inactivation of the PI3K/Akt pathway in breast cancer
induces apoptosis, cell cycle arrest and autophagy to suppress
cell proliferation (19,35). Meanwhile, epithelial-mesenchymal
transition and matrix metalloproteinase synthesis are reduced
by PI3K antagonists, and migration and invasion are inhibited
as a result (36,37). Additionally, inhibition of the PI3K/Akt
pathway sensitizes cancer cells to chemotherapeutic drugs,
including, doxorubicin (38).

The precise function served by the PI3K/Akt pathway
in rhabdoid tumors is unclear since studies regarding this
are limited, but it is likely to be overactivated, as it has been
reported to be a dependent factor for cell survival (39). Silibinin
has been proven to be an efficient PI3K/Akt pathway inhibitor;
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however, whether or not it affects this signaling pathway in
rhabdoid tumors and contributes to their anti-metastatic ability
requires further elucidation. The present study revealed that,
following administration of silibilin, the PI3K/Akt signaling
pathway was inactivated and this positively contributed
towards the inhibition of metastasis. Silibinin and LY294002
independently inhibited the PI3K/Akt pathway, migration and
invasion. When these two compounds were used in combina-
tion, PI3K/Akt signaling suppression and metastasis inhibition
were further enhanced. Nevertheless, the present study did
not investigate the manner through which silibinin affects
PI3K/Akt signaling and thus, further studies are required in
order to determine this.

In addition to inhibiting metastasis, the present study also
observed that silibinin suppressed G401 cell viability at high
doses and longer exposure times. Silibinin has been demon-
strated to be a strong proliferation suppressor via its ability to
initiate and activate multiple programs, including, apoptosis
and cell cycle arrest, in various cancer models, but whether or
not these are involved in silibinin-induced growth inhibition in
rhabdoid tumors requires further investigation.

Taken together, the results of the present in vitro study
indicate that silibinin inhibits migration and invasion of the
rhabdoid tumor cell line, G401, and that it inactivates the
PI3K/Akt signaling pathway. These findings contribute toward
the understanding of the antitumor capacity of silibinin and
suggest that silibinin may be a potential chemotherapeutic
drug for combating rhabdoid tumors in the future.
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