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Abstract
Abnormal functioning of multiple gene products underlies the neoplastic transformation of cells. Thus,

chemopreventive and/or chemotherapeutic agents with multigene targets hold promise in the develop-

ment of effective anticancer drugs. Silybin, a component of milk thistle, is a natural anticancer agent. In

the present study, we investigated the effect of silybin on melanoma cell growth and elucidated its

molecular targets. Our study revealed that silybin attenuated the growth of melanoma xenograft tumors

in nude mice. Silybin inhibited the kinase activity of mitogen-activated protein kinase (MEK)-1/2 and

ribosomal S6 kinase (RSK)-2 in melanoma cells. The direct binding of silybin with MEK1/2 and RSK2

was explored using a computational docking model. Treatment of melanoma cells with silybin

attenuated the phosphorylation of extracellular signal-regulated kinase (ERK)-1/2 and RSK2, which are

regulated by the upstream kinases MEK1/2. The blockade of MEK1/2-ERK1/2-RSK2 signaling by

silybin resulted in a reduced activation of NF-kB, activator protein-1, and STAT3, which are transcrip-

tional regulators of a variety of proliferative genes in melanomas. Silybin, by blocking the activation of

these transcription factors, induced cell-cycle arrest at the G1 phase and inhibited melanoma cell growth

in vitro and in vivo. Taken together, silybin suppresses melanoma growth by directly targeting MEK- and

RSK-mediated signaling pathways. Cancer Prev Res; 6(5); 455–65. �2013 AACR.

Introduction
Skin cancer is the most common form of cancer in the

United States (1). Melanoma, the most aggressive form of
skin cancer, accounts for 75% of skin cancer mortality (2).

Althoughmany commoncancers aredeclining, the incidence
ofmelanoma continues to rise at an estimated annual rate of
3.1% (2, 3). Malignant melanoma involves mutations in
BRAF (V600E) and NRAS at approximately 60% and 20%,
respectively (4, 5). Both the oncogenic BRAF andNRAS have
a commonpathway,mitogen-activatedprotein kinase kinase
(MEK)-1/2, which is involved in the activation of extracel-
lular signal-regulated kinase (ERK)-1/2 as the downstream
signaling pathway (6, 7). The activation of the signaling
cascade comprising BRAF-NRAS-MEK1/2-ERK1/2 is an
important trigger for melanoma survival, growth, and pro-
liferation. Therefore, the development of drugs targeting
multiple components of this signaling pathway could reduce
the incidence and mortality of melanoma skin cancer.

Silybin (also known as silibinin), a major bioactive
component of milk thistle (Silybum marianum), has long
been used for the prevention of allergies (8) and hepatic
damage (9). Several studies have shown the chemopreven-
tive and/or chemotherapeutic effects of silybin against
various cancers, including those of the colon, prostate,
bladder, and lung (10–16). However, a direct molecular
target for this anticancer agent is yet to be identified. Virtual
screening of a variety of U.S. Food andDrug Administration
(FDA) drug/supplementary/integrative medicine lead
databases revealed that silybin is a potent inhibitor of the
BRAF-MEK-ERK-RSK2 signaling pathway. Inappropriate
amplification of this signaling pathway leads to the activa-
tion of transcription factors, such as NF-kB, activator
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protein-1 (AP-1), and STAT3, which contribute to melano-
ma development and progression. In the present study, we
report that silybin significantly inhibited the growth of the
SK-MEL-5melanoma cell line in vitro and in vivo through its
direct binding with MEK1/2 and ribosomal S6 kinase
(RSK)-2, resulting in the inhibition of their catalytic kinase
activities.

Materials and Methods
Reagents

Silybin was purchased from LKT laboratories. Active
BRAF (V600E), active MEK1, inactive ERK2 (MEK sub-
strate), active RSK2, and inactive MEK human recombinant
proteins for kinase assays were purchased from Millipore.
The active MEK2 human recombinant protein for a kinase
assay was purchased from Signal Chem. Antibodies to
detect phosphorylatedMEK (pMEK), total ERKs, phosphor-
ylated ERKs (pERK), total RSK, phosphorylated RSK
(pRSK), and cyclin D1 were purchased from Cell Signaling
Technology. Antibodies against total MEK1, total MEK2,
total MEK1/2, and b-actin were purchased from Santa Cruz
Biotechnology.

Cell culture
The human melanoma, SK-MEL-5 and SK-MEL-28, cell

lines were purchased from American Type Culture Collec-
tion (ATCC). The SK-MEL-2 cell linewas kindly provided by
Dr. S. Chellappan (National Functional Genomics Center
H. LeeMoffitt Cancer Center andResearch Institute, Tampa,
FL; ref. 17). SK-MEL-5 and SK-MEL-28 cells were cultured
in minimum essential medium containing penicillin
(100 U/mL), streptomycin (100 mg/mL), sodium pyruvate
(1 mmol/L), and 10% FBS (GIBCO). SK-MEL-2 cells
were cultured in Dulbecco’s modified Eagle’s medium/
F12 (1:1) containing penicillin (100 U/mL), streptomycin
(100 mg/mL), and 10% FBS. Cells were maintained at 5%
CO2, 37

�C in a humidified incubator. All cells were cyto-
genetically tested and authenticated before the cells were
frozen. Each vial of frozen cells was thawed andmaintained
in culture for a maximum of 8 weeks.

In vitro kinase assay
The kinase assay was conducted in accordance with

instructions provided by Upstate Biotechnology. Briefly,
the reaction was carried out in the presence of 10 mCi of
[g-32P] ATPwith each compound in 20 mL of reaction buffer
containing 20mmol/LHEPES (pH7.4), 10mmol/LMgCl2,
10 mmol/L MnCl2, and 1 mmol/L dithiothreitol (DTT).
After incubation at room temperature for 30 minutes, the
reaction was stopped by adding 5 mL protein loading
buffer, and the mixture was separated by SDS-PAGE.
Each experiment was repeated twice and the relative
amounts of incorporated radioactivity were assessed by
autoradiography.

Computational modeling
The crystal structures of MEK1 and RSK2 used as the

receptor structures were downloaded from the Protein

Data Bank (PDB; ref. 18). The coordinates of silybin were
downloaded from the PubChem compound database
(19). Before ligand–protein docking, the raw PDB struc-
tures were converted into the all-atom, fully prepared
receptor model structures by using the Protein Prepara-
tion Wizard module (20). The original 2-dimensional
(2D) structure of silybin was changed to 3D conformers
using ConfGen (21). Protein–ligand docking was run
using the high-performance hierarchical docking algo-
rithm, Glide (22, 23). The final binding models of
MEK1-silybin and RSK2-silybin were generated from
Schr€odinger Induced Fit Docking (IFD; ref. 24), which
merges the predictive power of Prime with the docking
and scoring capabilities of Glide for accommodating
possible protein conformational changes upon ligand
binding. More computational details are provided in
Supplementary Materials and Methods.

Reporter gene activity
Transient transfection was conducted using jetPEI (Qbio-

gene), and luciferase reporter gene activity assays were
conducted according to the manufacturer’s instructions
(Promega). Cells (1 � 104 per well) were seeded the day
before transfection into 12-well culture plates. Cells were
cotransfected with the NF-kB, AP-1, and STAT3 reporter
plasmid (800 ng) and an internal control (tk-Renilla, 50 ng)
in 12-well plates and incubated for 24 hours. Melanoma
cells were treatedwith vehicle or 40 or 80 mmol/L silybin for
9 hours. Cells were harvested in Promega lysis buffer. Firefly
and Renilla luciferase activities were measured using sub-
strates provided in the reporter assay system (Promega). The
luciferase activity was normalized to Renilla luciferase
activity.

Cell proliferation assay
Cells were seeded (1� 103 cells perwell) in 96-well plates

and incubated for 24 hours and then treated with different
doses of silybin. After incubation for 12, 24, 48, or 72 hours,
20 mL of CellTiter96 Aqueous One Solution (Promega) was
added, and then cells were incubated for 1 hour at 37�C in a
5% CO2 incubator. Absorbance was measured at 492 nm.
For anchorage-independent cell growth assessment, cells
(8 � 103 per well) suspended in 10% Basal Medium Eagle
mediumwere added to 0.3% agar with vehicle, 20, 40 or 80
mmol/L silybin in a top layer over a base layer of 0.5% agar
with vehicle, 20, 40, or 80 mmol/L silybin. The cultureswere
maintained at 37�C in a 5% CO2 incubator for 3 weeks
and then colonies were counted under a microscope
using the Image-Pro Plus software (v.6.1) program (Media
Cybernetics).

In vitro and ex vivo pull-down assay
Recombinant human MEK1, MEK2, or RSK2 (200 ng)

and SK-MEL-5 cell lysates (500 mg) were incubated with
silybin-Sepharose 4B (or Sepharose 4B only as a control)
beads (50 mL; 50% slurry) in reaction buffer (50 mmol/L
Tris, pH7.5, 5mmol/L EDTA, 150mmol/LNaCl, 1mmol/L
DTT, 0.01% NP-40, and 2 mg/mL bovine serum albumin).
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After incubation with gentle rocking overnight at 4�C, the
beadswere washed 5 timeswith buffer (50mmol/L Tris, pH
7.5, 5 mmol/L EDTA, 150 mmol/L NaCl, 1 mmol/L DTT,
and 0.01%NP-40), and binding was visualized by Western
blotting.

Western blot analysis
Cells were disrupted on ice for 30 minutes in cell lysis

buffer (20 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1
mmol/L Na2EDTA, 1 mmol/L EGTA, 1% Triton X-100,
2.5 mmol/L sodium pyrophosphate, 1 mmol/L b-glycer-
ophosphate, 1 mmol/L sodium vanadate, and 1 mmol/L
phenylmethylsulfonylfluoride). After centrifugation at
20,817 � g for 15 minutes, the supernatant fraction was
harvested as the total cellular protein extract. The protein
concentration was determined using the Bio-Rad protein
assay.The total cellular protein extracts were separated by
SDS-PAGE and transferred to polyvinylidene fluoride
membranes in 20 mmol/L Tris-HCl (pH 8.0), containing
150 mmol/L glycine and 20% (v/v) methanol. Mem-
branes were blocked with 5% nonfat dry milk in 1 �
TBS containing 0.05% Tween 20 (TBS-T) and incubated
with antibodies against phosphorylated BRAF (pBRAF),
BRAF, pMEK1/2, MEK1/2, pERK1/2, ERK1/2, pRSK2,
RSK2, cyclin D1, or b-actin. Blots were washed 3 times
in 1 � TBS-T buffer, followed by the incubation with the
appropriate horseradish peroxidase-linked immunoglob-
ulin G (IgG). The specific proteins in the blots were
visualized using the enhanced chemiluminescence detec-
tion reagent.

Xenograft mouse model
Female BALB/c (nu/nu) mice, 6 weeks old, were pur-

chased from Charles River and were housed in a light/dark
cycle of 12/12 hours and fed with rodent chow andwater ad
libitum. All animal experiments were approved by the
KyungPook National University Ethics Research Board
(Dae-gu, South Korea). Mice were divided into 3 groups:
(i) mice injected with SK-dMEL-5 cells and treated with
silybin, (ii) mice injected with SK-MEL-5 cells and treated
with vehicle, and (iii) mice receiving no cells but treated
with silybin to assess toxicity. SK-MEL-5 cells (3 � 106 in
100 mL PBS with 100 mL Matrigel) were injected subcuta-
neously into the right hind flank of 2 groups of mice (n ¼
10). Tumor volume (length � width � depth � 0.52) was
measured once a week. After 10 days of implantation, 2
groups (n ¼ 10) were given silybin (dissolved in 5%
dimethyl sulfoxide and 10% Tween-20 in PBS) intraperi-
toneally 3 times a week at a dose of 100mg/kg body weight
for 4 consecutive weeks. The third group received vehicle
only. Body weights were recorded every week. Xenograft
tumors were weighed and frozen in liquid nitrogen or fixed
in 10% formalin and embedded in paraffin.

Hematoxylin and eosin staining and
immunohistochemistry
Tumor tissues from mice were embedded in paraffin

blocks and subjected to hematoxylin and eosin (H&E)

staining and immunohistochemistry. Tumor tissues were
deparaffinized andhydrated, thenpermeabilizedwith 0.5%
Triton X-100/1 � PBS for 10 minutes. Tissues were then
hybridized with Ki-67 (1:50), pERK1/2 (1:200), pRSK2
(1:200) as the primary antibody, and biotinylated goat
anti-rabbit or mouse IgG antibody was used as the second-
ary antibody. An ABC kit (Vector Laboratories, Inc.) was
used to detect the protein targets according to the
manufacturer’s instructions. After developing with 3,30-dia-
minobenzidine, the sections were counterstained with
hematoxylin (H&E). All sections were observed by micro-
scope (� 200 magnification) and the Image-Pro Plus soft-
ware (v. 6.1) program (Media Cybernetics).

Statistical analysis
All quantitative results are expressed asmean value� SD.

Statistically significant differences were obtained using the
Student t test or by one-way ANOVA. A P value of < 0.05was
considered to be statistically significant.

Results
Silybin inhibits the proliferation of melanoma cells

Because silybin was identified an inhibitor of BRAF-
MEK1/2-ERK1/2 signaling through our virtual screening
of a variety of FDA drug/supplementary/integrative med-
icine lead databases, we investigated the effect of silybin
on melanoma cell growth. The BRAF, MEK1/2, ERK1/2,
and RSK2 proteins were constitutively phosphorylated
and highly expressed in SK-MEL-5 and SK-MEL-28 mel-
anoma cells, whereas these proteins were barely activated
in normal human dermal fibroblasts (NHDF; Supple-
mentary Fig. S1). Incubation with silybin significantly
reduced the viability of SK-MEL-5 and SK-MEL-28 mela-
noma cells in a concentration- and time-dependent man-
ner, but had no effect on the viability of NHDFs (Fig. 1A).
Only a very high concentration of silybin reduced the
viability of SK-MEL-2 cells (Fig. 1A). Anchorage-indepen-
dent cell growth assay results also showed that silybin
significantly attenuated the growth of SK-MEL-5 and SK-
MEL-28, but not SK-MEL-2, melanoma cells (Fig. 1B).
Treatment with silybin altered the cell-cycle distribution
in SK-MEL-5 cells by inducing cell-cycle arrest (Fig. 1C).
Silybin showed G1 phase arrest in SK-MEL-28 cells at a
concentration of 80 mmol/L only but did not exhibit
significant cell-cycle arrest in SK-MEL-2 cells (Fig. 1C).

Silybin inhibits SK-MEL-5melanoma tumorgrowth in a
xenograft mouse model

The inhibitory effect of silybin on melanoma cell growth
was confirmed in an in vivo xenograft mouse model. Intra-
peritoneal administration of silybin (100 mg/kg body
weight) 3 times a week for 4 weeks significantly reduced
the volumeof SK-MEL-5melanoma cell xenograft tumors in
nudemice (Fig. 2A, left)without causing significant changes
in animal body weight (Fig. 2A, right). Immunohistochem-
ical analysis of xenograft tumors showed that the expression
of the cell proliferation marker Ki-67 and phosphorylation
of ERK1/2 and RSK2 were markedly decreased in silybin-
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Figure 1. Silybin inhibits the
proliferation of melanoma cells.
A, human melanoma cells
(SK-MEL-5, SK-MEL-28, and SK-
MEL-2) were treated or not treated
with varying concentrations of
silybin for 12, 24, 48, or 72 hours.
Cell proliferation was analyzed by
the MTS assay. The asterisk (�)
indicates a significant (P < 0.01)
decrease in proliferation compared
with untreated control. B,
melanoma cells were incubated
with silybin (0, 20, 40, or 80 mmol/L)
and subjected to an anchorage-
independent cell growth assay.
Data are represented as mean �
SD of values from triplicate
samples, and similar results were
obtained from 2 independent
experiments. The asterisks
(�, P < 0.05, ��, P < 0.01) indicate a
significant decrease in colony
formation in cells treated with
silybin compared with untreated
control. C, silybin induces G1 cell-
cycle arrest in SK-MEL-5 and SK-
MEL-28 cells, but not in SK-MEL-2
cells. Cells were starved for 24
hours and treated with silybin
(0, 40, or 80 mmol/L) and then
incubated for an additional 48
hours. Cell cycle was analyzed by
staining with propidium iodide. The
asterisk (�) indicates a significant
difference (P < 0.05) between
untreated control and treated cells.
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treated tumors compared with vehicle-treated tumors
(Fig. 2B).

Silybin directly binds to and inhibits the kinase activity
of MEK1/2 and RSK2
We determined whether silybin interferes with the com-

ponents of the BRAF/MEK/ERK/RSK2 signaling pathway in
SK-MEL-5 and SK-MEL-28 melanoma cells. Treatment with
silybin inhibited the constitutive phosphorylation of ERK1/
2 and RSK2 (Fig. 3A) with more pronounced effects on SK-
MEL-5 cells compared with its effects on SK-MEL-28 cells. It
might be due to the higher expression of phosphorylated
MEK1/2 in SK-MEL-5 cells. Silybin did not affect the phos-
phorylation of BRAF or MEK1/2 (Fig. 3A). Because ERK1/2
is a substrate of MEK1/2, which is regulated by upstream
BRAF, we used an in vitro kinase assay to evaluate the effect
of silybin on the catalytic activities of these kinases. While
silybin inhibited BRAF activity only at a high concentration

(80 mmol/L; Fig. 3B, a), the compound attenuated the
kinase activity of MEK1 (Fig. 3B, b), MEK2 (Fig. 3B, c), and
RSK2 (Fig. 3B, d) in a concentration-dependent manner.
Although silybin diminished the phosphorylation of ERK1/
2 in SK-MEL-5 cells, it failed to inhibit ERK2 activity in an in
vitro kinase assay (Fig. 3B-e). To determine whether silybin
can interact with these kinases, we conducted in vitro (Fig.
3C, a–c) and ex vivo (Fig. 3C, d and e) pull-down assays.
Silybin was shown to interact with recombinant active
MEK1, MEK2, and RSK2 proteins (Fig. 3C, a–c). The inter-
action between silybin and MEK1/2 or RSK2 was further
confirmed by pull-down assay using SK-MEL-5 cell lysates
(Fig. 3C, d and e). To determine whether the binding of
silybin to MEK1/2 or RSK2 occurs in an ATP- competitive
manner, we conducted an ATP (1, 10, or 100 mmol/L)
competitive kinase pull-down assay. Results showed that
silybin bound to MEK1, MEK2, and RSK2 in an ATP-com-
petitive manner (Fig. 3D, a–c). This result suggests that

Figure 2. Silybin inhibits the growth
of melanoma cells in a tumor
xenograft nude mouse model. A,
SK-MEL-5 cells were injected
subcutaneously into the right hind
flank of nude mice to generate
xenograft tumors. Mice were treated
with silybin (100 mg/kg body weight)
or vehicle intraperitoneally for 4
weeks as described in Materials and
Methods. Tumor volume was
measured every week. The asterisk
(�) indicates a significant difference in
volume of tumors (left) from
untreated and silybin-treated mice
(P < 0.05). Silybin had no effect on
mouse body weight (right). B,
immunohistochemical analysis of
tumor tissues. Silybin-treated or
untreated groups of mice were
euthanized and tumors extracted.
Tissue sections were embedded in
paraffin after fixation with formalin
and then stained with antibodies to
detect Ki-67, pERK1/2, or
phosphorylated RSK2. Data are
expressed as mean percent of
control � SD. The asterisk
(�, P < 0.05, ��, P < 0.01) indicates
a significant decrease in (i) K-67, (ii)
pERK1/2, and (iii) pRSK2 expression.
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silybin inhibits the BRAF/MEK/ERK signaling pathway by
directly binding to MEK1/2 and RSK to suppress their
activities.

Confirmation of the interaction between silybin and
MEK1/2 or RSK2 using a computational docking study

Silybin is a flavonoid containing polyphenolic groups
(Fig. 4A). The hierarchical docking algorithm, Glide (22,
23), from Schr€odinger-Maestro v9.2 Suite (25), was used
for docking experiments to assess the possible binding
modes between MEK1 or RSK2 and silybin. To capture
the ligand-induced conformational changes in enzyme
active sites, we conducted flexible-ligand flexible-protein
docking using the IFD Module (24). The computational

model of the silybin-MEK1 complex is shown in Fig. 4B
(top). Silybin forms 4 hydrogen bonds with the protein
residues in the ATP-binding pocket (Fig. 4B, top right): 2
with the backbone atoms of the hinge residues of Glu144
and Met146 and the other 2 with the side chain atoms of
Lys97 and Asp208, respectively. The computational mod-
els of the silybin–RSK2 complex are shown in Fig. 4B
(bottom). The docking of silybin to RSK2 from IFD
simulations suggested that silybin could bind inside the
ATP-binding pocket of either the N-terminal or C-termi-
nal kinase domain. For the latter, silybin forms 5 hydro-
gen bonds with RSK2 (Fig. 4B, bottom right): 1 involved
in the backbone atom of the hinge residue Met496 and
the other 4 formed with the side-chain atoms of Thr493,

Figure 3. Silybin directly binds and
inhibits thekinaseactivity ofMEK1/
2 and RSK2. A, SK-MEL-5 or SK-
MEL-28 cells were incubated with
the indicated concentrations of
silybin for 3 hours. Cell lysateswere
subjected to Western blot analysis
to determine the expression of
pBRAF, pMEK1/2, pERK1/2, and
pRSK. B, the effect of silybin on the
kinase activity of (a) BRAF (V600E),
(b) MEK1, (c) MEK2, (d) RSK2, and
(e) ERK2 was assessed by an in
vitro kinase assay.
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Asn544, Lys541, and Lys451, respectively. These compu-
tational modeling results indicate that silybin exerted
ATP-competitive inhibitory effects against MEK1 or
RSK2.

Silybin suppresses the expression of cyclin D1 by
inhibiting the transcriptional activity of NF-kB, AP-1,
and STAT3
BecauseMEK1/2 and RSK2 are known to transmit signals

downstream to a variety of transcription factors, which
regulate the transcriptional activity of proteins involved in
the cell proliferation, we determinedwhether the inhibitory
effect of silybin on the activity of these kinases could affect
the transcriptional activity of NF-kB, AP-1, or STAT3.
BecauseMEK1/2 is anupstreamkinase of RSK2,we knocked
down MEK1/2 (sh-MEK1/2) in SK-MEL-5 cells, and found
that silencingMEK1/2 reduced the proliferation of SK-MEL-
5melanoma cells (Supplementary Fig. S2A). The inhibitory
effect of silybin on the viability of SK-MEL-5 cells was
abrogated when the cells were transfected with sh-MEK1/2
as compared with cells transfected with sh-Mock (Supple-
mentary Fig. S2B).Moreover, knockdown ofMEK1/2 atten-
uated the constitutive transcriptional activity of NF-kB, AP-
1, or STAT3 in SK-MEL-5 cells (Supplementary Fig. S2C).We
conducted luciferase reporter gene assays in silybin-treated

SK-MEL-5 or SK-MEL-28-cells transfected with NF-kB-, AP-
1-, or STAT3-luciferase constructs, and found that silybin
significantly inhibited the transcriptional activity of NF-kB,
AP-1, and STAT3 (Fig. 5A, a–f). A common target gene of
these transcription factors is cyclin D1, which is a cell-cycle
regulatory protein. Western blot analysis results indicated
that treatment with silybin attenuated the expression of
cyclin D1 in SK-MEL-5 and SK-MEL-28 melanoma cells
(Fig. 5B).

Discussion
Aberrant activation of BRAF signaling has been implicat-

ed in the pathogenesis ofmelanoma (26–28), a deadly form
of skin cancer that afflictsmillions of people throughout the
world. The modulation of BRAF signaling would be a
rational approach for the prevention and therapy of mel-
anoma. To identify an inhibitor that can act on multiple
kinases in the BRAF-signaling cascade, we screened the FDA
drug database to search for a drug molecule that can target
kinases of this oncogenic signal transduction pathway.
Virtual screening was conducted using the Glide module
(22, 23, 29). During ligand–protein docking in virtual
screening, each kinase target was treated as a solid object
but the drug compound was fully flexible. Each screening
process targeted 1 of the 3 kinases, BRAF,MEK1/2, or ERK1/

Figure 3. (Continued ) C, pull-down
assaywas conducted to examine the
ability of silybin to bindwith (a)MEK1,
(b) MEK2, or (c) RSK2 in vitro, and
with (d) MEK1/2, (e) RSK2 ex vivo.
Data are representative of 2
independent experiments showing a
similar trend. D, the interaction
between silybin andMEK1 (a), MEK2
(b), or RSK2 (c) was studied in vitro in
the presence of increasing
concentrations of ATP. The band
density was measured using the
ImageJ software program.
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2, of the BRAF pathway and provided a docking scoring of
the tested drug molecules and their relative rank in binding
affinity with the selected kinase targets. After checking
the first 50 drug leads for each kinase target, we found
that silybin was ranked in consensus inside this range.
Supplementary Table S1 shows the binding energy of sily-
bin to these 3 kinases and its relative rank among all the
drugs screened from the FDA drug database. These docking
results indicated that silybin could possibly serve as a
"multiplex kinase inhibitor" of the BRAF pathway. Here,
we provide the novel finding that silybin directly interacts
with MEK1/2 and RSK2, and inhibits their catalytic activity,
thereby suppressing the growth of SK-MEL-5 or SK-MEL-28
melanoma cells.

In a previous study, Nakashima and colleagues (30)
reported that silybin A and B, 2 isoforms of silybin, atten-
uated proliferation of mouse melanoma B16 4A5 cells in
culture. In agreement with the later study, our findings
indicated that silybin decreased the viability of SK-MEL-2,
SK-MEL-5, and SK-MEL-28 cells and reduced the growth of
SK-MEL-5 human melanoma cells as a xenograft in nude
mice and supports the potential of silybin to prevent or treat
melanomas. The results of the in vitro kinase assay showing

that silybin significantly inhibited the catalytic activity of
MEK1 and MEK2 confirmed our virtual screening results,
which predicted MEK1/2 as a molecular target of silybin to
suppress melanoma cell growth. Moreover, the in vitro
kinase assay results revealed that silybin attenuated the
kinase activity of RSK2, which is a downstream kinase of
ERK2. Although silybin did not affect the activity of ERK2 in
the in vitro kinase assay, incubation of SK-MEL-5 cells with
silybin reduced the phosphorylation of ERK1/2 as well as
that of RSK2, suggesting that RSK2 is another molecular
target of silybin. To confirm that silybin targetsMEK1/2 and
RSK2, we conducted a binding assay using Sepharose 4B
beads conjugated with silybin in the presence of active
MEK1, MEK2, or RSK2 in both cultured cells and in vitro.
Silybin interacted with MEK1/2 and RSK2 in an ATP-com-
petitive manner. Further analysis of docking studies by
computer modeling showed that silybin interacted at the
ATP-binding pocket of MEK1/2 and RSK2, confirming that
these kinases are bona fide targets of silybin in suppressing
melanoma cell growth.

Although MEK1/2 and RSK2 have been identified as
direct targets of silybin, we extended our study to determine
whether silybin inhibited the activity of other kinases, such

Figure 4. Prediction of the
interaction between silybin and
MEK1 or RSK2 using a computer
docking model. A, structure of
silybin. B, predicted model of the
silybin-MEK1 and silybin-RSK2
complex. B-(a), the binding pose of
silybin inside the ATP-binding
pocket of MEK1. Hydrogen bonds
between silybin and 4 protein
residues in the ATP-binding site
(right). B-(b), the binding pose of
silybin inside the ATP-binding
pocket of the C-terminal kinase
domain of RSK2. Hydrogen bonds
between silybin and 5 residues in
the ATP-binding site of the C-
terminal kinase domain of RSK2
(right). The a-helices are drawn as
cylinders and the b-strands as
arrows. Silybin is shown in stick
model and protein residues are
shown in line model. The figures
were generated usingMaestro (25).
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as Akt, p38 mitogen-activated protein kinase, and c-Jun-N-
terminal kinases, which have also been reported to play
roles in melanoma cell proliferation. Silybin had no effect
on the activity of any of these kinases (data not shown).
Because silybin suppressed theproliferationofBRAF-mutat-
ed cell lines, SK-MEL-5 and SK-MEL-28, more than the
NRAS-mutated SK-MEL-2 cells, we suggest that silybin tar-
gets the constitutive BRAF signaling pathway, but not
the NRAS signaling pathway to block melanoma cell
proliferation.

Furthermore, the activation of kinases of the BRAF-sig-
naling cascade turns on the transcriptional activity of down-
stream transcription factors, such as NF-kB, AP-1, and
STAT3 (31–33). The direct binding and subsequent block-
ade of MEK1/2 and RSK2 by silybin resulted in a significant
inhibitionof the transcriptional activity ofNF-kB,AP-1, and
STAT3 in silybin-treated SK-MEL-5 and SK-MEL-28 cells. A
common target gene of these transcription factors is the cell-
cycle regulatory protein, cyclin D1, which was markedly
downregulated after treatment of cells with silybin. The

Figure 5. Silybin inhibits the
transcriptional activity of NF-kB,
AP-1, and STAT3. A, SK-MEL-5 or
SK-MEL-28 cells were transiently
transfected with the luciferase
reporter gene constructs of NF-kB,
AP-1, or STAT3 and incubated with
silybin (0, 40, or 80 mmol/). Luciferase
activity was measured as described
in Materials and Methods. Silybin
inhibited (a and d) NF-kB, (b and e)
AP-1, and (c and f) STAT3
transcriptional activity in SK-MEL-5
(a–c) or SK-MEL-28 (d–f) cells. Data
are shown as mean � SD of values
from triplicate samples and similar
results were obtained from 3
independent experiments. The
asterisks (�, P < 0.05, ��, P < 0.01)
indicate a significant decrease in
relative luciferase activity. B, effect of
silybin on the expression of cyclin D1
in SK-MEL-5 and SK-MEL-28 cells.
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inhibitory effect of silybin on the expression of cyclin D1
helps to explain the effect of the compound on the cell-cycle
arrest observed in SK-MEL-5 and SK-MEL-28 cells. In con-
clusion, silybin attenuated melanoma cell growth by mod-
ulating the activity of multiple kinases (MEK1/2, ERK2,

RSK2) of the BRAF signaling pathway, thereby blocking the
activity of NF-kB, AP-1, and STAT3, and inducing cell-cycle
arrest at the G1 phase through downregulation of cyclin D1
(Fig. 6).

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: M.-H. Lee, Z. Huang, D.-J. Kim
Development of methodology: M.-H. Lee, Z. Huang, S.-H. Kim, J.-Y. Kim
Acquisitionofdata (provided animals, acquired andmanagedpatients,
provided facilities, etc.): M.-H. Lee, M.O. Kim, S.J. Park, A.M. Bode
Analysis and interpretation of data (e.g., statistical analysis, biosta-
tistics, computational analysis):M.-H. Lee, Z.Huang,M.O. Kim, J.-Y. Kim,
J.K. Kundu, A.M. Bode, Z. Dong
Writing, review, and/or revision of themanuscript:M.-H. Lee, Z. Huang,
J.-Y. Kim, J.K. Kundu, A.M. Bode, Z. Dong
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): M.-H. Lee, D.-J. Kim, S.-H. Kim,
S.-Y. Lee, H. Xie, J.-Y. Kim, A.M. Bode
Study supervision: A.M. Bode, Y.-J. Surh, Z. Dong

Acknowledgments
The authors thank Margarita Malakova, Tae-Gyu Lim, Soouk Kang,

Usman Jamil Mohammad, and Todd Schuster for supporting the experi-
ments and Tonya M. Poorman for help submitting their manuscript.

Grant Support
This work was supported by The Hormel Foundation and NIH grants of

USA, CA120388, R37CA081064, and ES016548 and by grant R31-2008-
000-10103-0 from the World Class University program at The Ministry of
Education, Science and Technology and The National Research Foundation
of South Korea. Z. Huang was supported by a grant from National Natural
Science Foundation of China, NSFC number: 31170676.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

ReceivedOctober 17, 2012; revised January 11, 2013; accepted February 8,
2013; published OnlineFirst February 27, 2013.

References
1. Bickers DR, Lim HW, Margolis D, Weinstock MA, Goodman C, Faul-

kner E, et al. The burden of skin diseases: 2004 a joint project of the
American Academy of Dermatology Association and the Society for
Investigative Dermatology. J Am Acad Dermatol 2006;55:490–500.

2. Maio M. Melanoma as a model tumour for immuno-oncology. Ann
Oncol 2012;23 Suppl 8:viii10–4.

3. Linos E, Swetter SM, CockburnMG,Colditz GA, Clarke CA. Increasing
burden of melanoma in the United States. J Invest Dermatol 2009;
129:1666–74.

4. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al.
Mutations of the BRAF gene in human cancer. Nature 2002;417:
949–54.

5. Goydos JS, Mann B, Kim HJ, Gabriel EM, Alsina J, Germino FJ, et al.
Detection of B-RAF and N-RAS mutations in human melanoma. J Am
Coll Surg 2005;200:362–70.

6. Calipel A, Lefevre G, Pouponnot C, Mouriaux F, Eychene A, Mascarelli
F. Mutation of B-Raf in human choroidal melanoma cells mediates cell
proliferation and transformation through theMEK/ERK pathway. J Biol
Chem 2003;278:42409–18.

7. Jorgensen K, Holm R, Maelandsmo GM, Florenes VA. Expression of
activated extracellular signal-regulated kinases 1/2 in malignant mel-
anomas: relationship with clinical outcome. Clin Cancer Res 2003;
9:5325–31.

8. Miadonna A, Tedeschi A, Leggieri E, Lorini M, Froldi M, Zanussi C.
Effects of silybin on histamine release from human basophil leuco-
cytes. Br J Clin Pharmacol 1987;24:747–52.

9. WellingtonK, JarvisB. Silymarin: a reviewof its clinical properties in the
management of hepatic disorders. Bio Drugs 2001;15:465–89.

10. Agarwal C, Singh RP, Dhanalakshmi S, Tyagi AK, Tecklenburg M,
Sclafani RA, et al. Silibinin upregulates the expression of cyclin-
dependent kinase inhibitors and causes cell cycle arrest and apo-
ptosis in human colon carcinoma HT-29 cells. Oncogene 2003;22:
8271–82.

11. Dagne A,Melkamu T, SchuttenMM,Qian X, Upadhyaya P, Luo X, et al.
Enhanced inhibition of lung adenocarcinoma by combinatorial treat-
ment with indole-3-carbinol and silibinin in A/J mice. Carcinogenesis
2011;32:561–7.

12. Deep G, Singh RP, Agarwal C, Kroll DJ, Agarwal R. Silymarin and
silibinin cause G1 and G2-M cell cycle arrest via distinct circuitries
in human prostate cancer PC3 cells: a comparison of flavanone
silibinin with flavanolignan mixture silymarin. Oncogene 2006;25:
1053–69.

13. Ramasamy K, Dwyer-Nield LD, Serkova NJ, Hasebroock KM, Tyagi A,
RainaK, et al. Silibinin prevents lung tumorigenesis inwild-type but not
in iNOS�/� mice: potential of real-time micro-CT in lung cancer
chemoprevention studies. Clin Cancer Res 2011;17:753–61.

Figure 6. An illustration showing the modulation of the BRAF/MEK/ERK/
RSK2 signaling pathway by silybin in SK-MEL-5 cells. In melanoma, the
mutation of BRAF (V600E) constitutively activates the downstream
kinase MEK1/2, which phosphorylates ERK2.pERK2 activates RSK2,
which transmits a signal downstream to transcription factors, such as
AP-1, NF-kB, and STAT3, and induces their transcriptional activity to
express cyclin D1. Silybin inhibits this oncogenic signaling pathway
by direct regulation of MEK1/2 and RSK2.

Lee et al.

Cancer Prev Res; 6(5) May 2013 Cancer Prevention Research464

D
ow

nloaded from
 http://aacrjournals.org/cancerpreventionresearch/article-pdf/6/5/455/1734028/455.pdf by guest on 19 M

ay 2023



14. Rho JK, Choi YJ, Jeon BS, Choi SJ, Cheon GJ, Woo SK, et al.
Combined treatment with silibinin and epidermal growth factor recep-
tor tyrosine kinase inhibitors overcomes drug resistance caused by
T790M mutation. Mol Cancer Ther 2010;9:3233–43.

15. Tyagi A, Agarwal C, Harrison G, Glode LM, Agarwal R. Silibinin causes
cell cycle arrest and apoptosis in human bladder transitional cell
carcinomacells by regulatingCDKI-CDK-cyclin cascade, andcaspase
3 and PARP cleavages. Carcinogenesis 2004;25:1711–20.

16. Zeng J, Sun Y, Wu K, Li L, Zhang G, Yang Z, et al. Chemopreventive
and chemotherapeutic effects of intravesical silibinin against blad-
der cancer by acting on mitochondria. Mol Cancer Ther 2011;10:
104–16.

17. Singh S, Davis R, Alamanda V, Pireddu R, Pernazza D, Sebti S, et al.
Rb-Raf-1 interaction disruptor RRD-251 induces apoptosis in meta-
static melanoma cells and synergizes with dacarbazine. Mol Cancer
Ther 2010;9:3330–41.

18. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H,
et al. The Protein Data Bank. Nucleic Acids Res 2000;28:235–42.

19. PubChem compound database. Available from: http://pubchem.ncbi.
nlm.nih.gov

20. Schr€odinger Suite 2011 Protein Preparation Wizard; Epik version 2.2,
Schr€odinger, LLC, New York, NY, 2011; Impact version 5.7, Schr€odin-
ger, LLC, New York, NY, 2011.

21. Schr€odinger. Confgen version 2.3. New York, NY: LLC; 2011.
22. Friesner RA, Banks JL, Murphy RB, Halgren TA, Klicic JJ, Mainz DT,

et al. Glide: a new approach for rapid, accurate docking and scoring. 1.
Method and assessment of docking accuracy. J Med Chem 2004;
47:1739–49.

23. Schr€odinger. Glide version 5.7. New York, NY: LLC; 2011.

24. Schr€odinger Suite 2011 Induced Fit Docking protocol; Glide version
5.7, Schr€odinger, LLC, New York, NY, 2011; Prime version 3.0,
Schr€odinger, LLC, New York, NY, 2011.

25. Schr€odinger. Maestro version 9.2. New York, NY: LLC; 2011.
26. El-Osta H, Falchook G, Tsimberidou A, Hong D, Naing A, Kim K, et al.

BRAF mutations in advanced cancers: clinical characteristics and
outcomes. PLoS ONE 2011;6:e25806.

27. Flaherty KT, McArthur G. BRAF, a target in melanoma: implications for
solid tumor drug development. Cancer 2010;116:4902–13.

28. Smalley KS, McArthur GA. The current state of targeted therapy in
melanoma: this time it's personal. Semin Oncol 2012;39:204–14.

29. Friesner RA, Murphy RB, Repasky MP, Frye LL, Greenwood JR,
Halgren TA, et al. Extra precision glide: docking and scoring incorpo-
rating amodel of hydrophobic enclosure for protein-ligand complexes.
J Med Chem 2006;49:6177–96.

30. Nakashima S, Matsuda H, Oda Y, Nakamura S, Xu F, Yoshikawa M.
Melanogenesis inhibitors from the desert plant Anastatica hierochun-
tica in B16 melanoma cells. Bioorg Med Chem 2010;18:2337–45.

31. Palona I, Namba H, Mitsutake N, Starenki D, Podtcheko A, Sedliarou I,
et al. BRAFV600E promotes invasiveness of thyroid cancer cells
through nuclear factor kappaB activation. Endocrinology 2006;147:
5699–707.

32. Sumimoto H, Imabayashi F, Iwata T, Kawakami Y. The BRAF-MAPK
signaling pathway is essential for cancer-immune evasion in human
melanoma cells. J Exp Med 2006;203:1651–6.

33. Pratilas CA, Taylor BS, Ye Q, Viale A, Sander C, Solit DB, et al. (V600E)
BRAF is associated with disabled feedback inhibition of RAF-MEK
signaling and elevated transcriptional output of the pathway. Proc Natl
Acad Sci U S A 2009;106:4519–24.

Silybin Is a Dual Inhibitor of MEK/RSK in Melanoma

www.aacrjournals.org Cancer Prev Res; 6(5) May 2013 465

D
ow

nloaded from
 http://aacrjournals.org/cancerpreventionresearch/article-pdf/6/5/455/1734028/455.pdf by guest on 19 M

ay 2023


