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Isobavachalcone exerts anti-proliferative and pro-apoptotic
effects on human liver cancer cells by targeting
the ERKs/RSK2 signaling pathway
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Abstract. Aberrant activation of the extracellular signal-regu-
lated kinases (ERKs)/ribosomal S6 kinase 2 (RSK?2) signaling
pathway is frequently determined in various human tumor
types, including liver cancer, and has been considered as a
promising target for cancer chemoprevention and therapy.
In the present study, using computer-aided virtual screening
and molecular docking, isobavachalcone (IBC), a natural
chalcone compound, was identified to be an ATP-competitive
inhibitor targeting ERK1/2 and RSK2. Cell Counting Kit-8,
EdU incorporation and colony formation assays were used to
detect the effects of IBC on cell viability and proliferation,
and the results demonstrated that IBC effectively inhibited the
proliferation of liver cancer HepG2 and Hep3B cells, whereas
it had no notable cytotoxic effect on immortal liver LO2 cells.
Flow cytometric analysis and western blotting further revealed
that IBC caused significant levels of apoptosis on liver cancer
cells via the caspase-dependent mitochondria pathway. The
computer prediction was confirmed with pull-down and in vitro
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kinase assays, in which IBC directly bound with ERK1/2 and
RSK2, and dose-dependently blocked RSK2 kinase activity
in liver cancer cells. Treatment of HepG2 or Hep3B cells with
IBC significantly attenuated epidermal growth factor-induced
phosphorylation of RSK?2 and resulted in the reduced activa-
tion of its downstream substrates including cAMP response
element-binding protein, activating transcription factor 1,
histone H3 and activating protein-1. Enforced RSK2 expression
in LO2 cells could increase the effect of IBC on suppressing
cell growth. Conversely, knockdown of RSK?2 reduced the
inhibitory effect of IBC on HepG2 cell proliferation. Overall,
the present data indicated that ERKs/RSK?2 signaling serves
a pivotal role in IBC-induced suppression of liver cancer cells
and that IBC may be a potential therapeutic candidate for
human cancer with elevated ERKs/RSK?2 activity.

Introduction

Primary liver cancer is predicted to be the sixth most common
neoplasm and the fourth leading cause of cancer-associated
mortality globally in 2018, responsible for ~782,000 mortali-
ties annually (1). Additionally, 75-85% of primary liver cancer
cases occurring globally are hepatocellular carcinoma (1).
Etiologically, the carcinogenesis of liver cancer is a complex,
multistep and multifactorial process involving environmental
risk factors, genetic derangement and aberrant signal trans-
duction (2). The mitogen-activated protein kinase (MAPK)
pathways are implicated in various cellular processes, including
cell survival, proliferation, differentiation and apoptosis. The
components of MAPK signaling have been indicated to be
promising targets in developing novel chemoprevention and
targeted therapies for cancer (3). It was notable that the aber-
rant activation of the Raf/mitogen-activated protein kinase
kinase (MEK)/extracellular signal-regulated kinases (ERKs)
pathway serves a pivotal role in the development, progres-
sion and invasiveness of liver cancer and is associated with
poor survival rate and multidrug resistance (4,5). Sorafenib
and BAY86-9766, inhibitors targeting the Raf/MEK/ERKs
pathway, have been evaluated in clinical trials and have
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demonstrated promising results in the treatment of unre-
sectable liver cancer (6,7). However, as this protein kinase
pathway is central to numerous signaling networks, including
phosphoinositide 3-kinase (PI3K)/Akt, Janus kinase/signal
transducer and activator of transcription and protein kinase
C/nuclear factor-xB, blocking Raf/MEK/ERKSs signaling may
result in a number of adverse events and drug resistance (3,8).
Sorafenib suppresses the MAPK signaling pathways, but
partially induces the activation of PI3K/Akt signaling, which
is responsible for sorafenib-promoted invasion and metastasis
in liver cancer (9). Therefore, it is proposed that blocking a
subset of downstream functions of the MAPK pathways may
be a more effective strategy with fewer side effects.

Ribosomal S6 kinase 2 (RSK2), a member of the p9ORSK
protein family, is a direct substrate kinase of ERK1/2 and
is activated in response to oncogenic signals and/or growth
factor stimuli (10). Alterations of the ERKs pathway have been
well documented in human liver cancer. Increased expression
and functional activity of ERK1/2 were observed in primary
liver cancer, compared with the adjacent non-cancerous
tissues (11,12). Constitutively activated ERK1/2 was demon-
strated to be required for the proliferation and invasion of live
cancer cells (13,14). Hepatitis B and C viruses, the two most
common causes of liver cancer, express viral proteins that
activate the ERKs signaling cascade (15,16). The ERKs/RSK
pathway was demonstrated to mediate ethanol-induced prolif-
eration of HepG2 cells (17). Collectively, these observations
implied that aberrant activation of the ERKs/RSK?2 pathway
may be an important molecular event in hepatocarcinogenesis,
and it is desirable that the ERKs/RSK?2 signaling axis becomes
the subject of target-based therapies for liver cancer.

In the last few decades, natural products extracted from
plants have attracted notable attention as potential anticancer
agents possessing efficacy and safety (18). Considering the
increasing drug resistance, the broad inhibition of multiple
signaling pathways or targets, rather than a single specific
target, may represent a more promising strategy for cancer treat-
ment (19). Recently, computational biology has been frequently
applied for virtual screening of multiple-target inhibitors, with
the advantage of selecting a smaller number of lead compounds
in a large database for biological testing, while avoiding expen-
sive and time-consuming experiments (20). In the present study,
using structure-based virtual screening and molecular docking,
>500 traditional Chinese medicine compounds available from
TianJin ShiLan Technology Company were screened for
identification of potential inhibitors targeting the ERKs/RSK?2
pathway. The results demonstrated that isobavachalcone (IBC),
a natural chalcone compound, can be bound inside the ATP
binding pocket of ERK1/2 and RSK2 with high affinity, impli-
cating that IBC may be an ATP-competitive inhibitor targeting
ERK1/2 and RSK2. The antitumor activity of IBC against
liver cancer cells and its inhibitory effect on the ERKs/RSK2
signaling pathway were further evaluated, in the hope of
providing novel insight into the potential application of IBC as
a chemotherapeutic agent for liver cancer.

Materials and methods

Virtual screening and molecular modeling. The three-dimen-
sional structures of RSK2 and ERKs were obtained from
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the PDB databank (http://www.rcsb.org/) [RSK2 N-terminal
kinase domain, PDB ID 3UBD (21); RSK2 C-terminal kinase
domain, PDB ID 4D9U (22); ERK1 kinase domain, PDB ID
4QTB; and ERK?2 kinase domain, PDB ID 4QTA (23)]. Prior
to virtual screening, the raw PDB structures were converted
into an all-atom, fully prepared receptor model structure with
the Protein Preparation Wizard module in Schrodinger (24).
Subsequently, the docking receptor grids were created by
Glide's Receptor Grid Generation (25). The grid boxes and
centers were set to default with the co-crystal ligands in their
ATP binding sites.

The structures of >500 traditional Chinese medicine
compounds, which were downloaded from the PubChem
Compound database (http://www.ncbi.nlm.nih.gov/pccom-
pound/), were downloaded and a small compound database
referred to as the ShilL.an database was built using the LigPrep
module (26). These compounds were available from TianJin
ShiLan Technology Company (Tianjin, China). Glide was
used to run the extra precision (XP)-docking screening of this
Shilan database targeted to two protein receptor structures
(3UBD and 4D9U) (27,28). The screening processes outputted
two rank lists of nearly 50 compounds each. The compound
IBC (CID5281255) appeared in each list, and was manually
selected for further experimental tests.

Flexible ligand-protein docking was performed using the
Induced Fit Docking (IFD) Module (29) in Schrodinger to
assess the possible binding modes between ERKs/RSK2 and
IBC. The induced fit docking can capture the possible confor-
mational changes in receptor active site upon ligand binding.
During IFD, the grid box and center for each receptor struc-
ture were set to default with the co-crystal ligand in its active
binding site. Docking of IBC using its LigPrep's minimized
structure into each receptor structure was also performed
with Glide in XP mode (28). The binding pose with the lowest
docking score was considered as the correct binding structure.
The docking structures for each of the ERKs/RSK2-IBC
complexes were generated using Maestra (30) in Schrodinger.

Reagents and antibodies. IBC (98% purity) was purchased
from Tianjin ShiLan Technology Company, and then it was
dissolved in dimethyl sulfoxide (DMSO; 100 mM stock
solution). CNBr-activated Sepharose 4B and epidermal
growth factor (EGF) were purchased from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). The primary anti-
bodies were purchased from the following companies: Mouse
monoclonal antibodies against p53 (cat. no. 2524; 1:1,000) and
caspase-9 (cat. no. 9508; 1:1,000), rabbit monoclonal antibodies
against cleaved caspase-9 (cat. no. 7237; 1:1,000), caspase-7
(cat. no. 12827; 1:1,000), cleaved caspase-7 (cat. no. 8438;
1:1,000), caspase-3 (cat. no. 9665; 1:1,000), cleaved caspase-3
(cat. no. 9664; 1:1,000), poly ADP-ribose polymerase (PARP;
cat. no. 9542; 1:1,000), ERK1/2 (cat. no. 5695; 1:2,000),
phospho-ERK1/2 (Thr202/Tyr204; cat. no. 4370; 1:1,000),
phospho-RSK2 (Ser227; cat. no. 3556; 1:1,000) and Flag tag
(cat. no. 14793; 1:1,000), and rabbit polyclonal antibodies
against RSK2 (cat. no. 9340; 1:1,000), stress-activated
protein kinase/c-Jun NH2-terminal kinase (SAPK/INK;
cat. no. 9525; 1:1,000), histone H3 (cat. no. 9715; 1:1,000)
and phospho-histone H3 (Serl0) (cat. no. 9701; 1:1,000)
purchased from Cell Signaling Technology, Inc. (Danvers,
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MA, USA); mouse monoclonal antibodies against mouse
double minute 2 homolog (MDM?2; cat. no. sc-13161; 1:500),
RSK2 (cat. no. sc-9968; 10 ul) and B-actin (cat. no. sc-8432;
1:1,000) purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA); rabbit polyclonal antibodies against cAAMP
response element-binding protein (CREB; cat. no. ab31387,;
1:1,000) and activating transcription factor 1 (ATFI;
cat. no. ab225880; 1:1,000), and rabbit monoclonal antibodies
against phospho-CREB (Ser133; cat. no. ab32096; 1:1,000) and
phospho-ATF1 (Ser63; cat. no. ab76085; 1:1,000) purchased
from Abcam (Cambridge, MA, USA); mouse monoclonal
antibodies against B-cell lymphoma 2 (Bcl-2; cat. no. 610538;
1:1,000) and Bcl-2 associated X protein (Bax; cat. no. 610982;
1:1,000) purchased from BD Transduction Laboratory
(BD Biosciences; Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). Dylight 680-conjugated anti-mouse I1gG
(cat. no. 610-144-002; 1:10,000) and Dylight 800-conjugated
anti-rabbit IgG (cat. no. 611-145-002; 1:10,000) secondary
antibodies were purchased from Rockland Immunochemicals,
Inc. (Limerick, PA, USA).

Cell culture and transfection. The human liver cancer cell lines
HepG2 and Hep3B and the normal immortalized liver cell line
L02 were obtained from American Type Culture Collection
(Manassas, VA, USA). HepG2 and Hep3B cells were maintained
in Dulbecco's modified Eagle's medium (DMEM; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS), 100 mg/ml streptomycin,
100 TU/ml penicillin at 37°C in an incubator containing 5%
CO,, and LO2 cells were cultured in DMEM with 20% FBS.
Cells freshly revived from cryopreservation were maintained
and cultured for <8 weeks, as aforementioned. Activating
protein-1 (AP-1) luciferase reporter vector was provided by
Dr ArndKieser (Helmholtz Zentrum Miinchen, Munich,
Germany). The pCMV3-C-Flag-RSK2 (pCMV3-RSK?2) vector
and pCMV3-C-Flag (pCMV3) control vector were obtained
from Sino Biological Inc. (Beijing, China). To construct the
short hairpin RNA (shRNA) vector targeting RSK2 (shRSK?2)
and the scramble shRNA control vector (shCtrl), the mU6pro
vector was digested with Xbal and Bbsl. The annealed synthetic
primers (shRSK2, sense, 5"“TTTGAAGGCAGATCCTTCCCA
GTTTCAAGAGAACTGGGAAGGATCTGCCTTTTTTT-3,
and antisense, 5'-CTAGAAAAAAAGGCAGATCCTTCCCAG
TTCTCTTGAAACTGGGAAGGATCTGCCTT-3'; and shCtrl,
sense, 5"TTTGACTACCGTTGTTATAGGTGTTCAAGA
GACACCTATAACAACGGTAGTTTTTT-3', and antisense,
5-CTAGAAAAAAACTACCGTTGTTATAGGTGTCTCTTG
AACACCTATAACAACGGTAGT-3") were then introduced
into the mU6pro vector (31). The recombinant plasmids were
confirmed by DNA sequencing. L02 cells (5x10° cells/well) or
HepG?2 cells (4x10° cells/well) were seeded in 6-well plates and
cultured to 60-70% confluence. Then, pPCMV3-RSK2 (3 ug),
shRSK?2 (3 pg) and their corresponding controls were transiently
transfected into cells with jetPEI™ DNA transfection reagent
(Polyplus-Transfection SA, Illkirch, France), according to the
manufacturer's protocols. After being transfected for 24 h, cells
were used for subsequent experimentation.

Cell viability assay. HepG2, Hep3B or LO2 cells were seeded
into 96-well plates at a density of 3x10° cells/well, and then
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incubated with 5, 10, 20 or 40 M IBC for 24 or 48 h at 37°C.
Cell viability was determined with a Cell Counting Kit-8
(CCK-8; Dojindo Molecular Laboratories, Inc., Kumamoto,
Japan) assay. A total of 10 1 CCK-8 solution was added to each
well and cells were incubated for 2 h at 37°C. The absorbance
was measured at a wavelength of 450 nm using a Synergy 2
Multi-Mode Microplate Reader (BioTek Instruments, Inc.,
Winooski, VT, USA). The half-maximal inhibitory concen-
tration (ICs,) of IBC was calculated by Probit analysis using
SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA).

EdU incorporation assay. Cell proliferation was assessed
using a Cell-Light EQU DNA Cell Proliferation kit (Guangzhou
RiboBio Co., Ltd., Guangzhou, China). HepG2 or Hep3B cells
were seeded into 96-well plates at a density of 3x10° cells/well,
and then incubated with 10 or 20 yM IBC for 48 h at 37°C.
Following treatment with IBC, cells were exposed to 50 yuM
EdU for 2 h at 37°C, and then fixed with 4% formaldehyde for
15 min and permeabilized with 0.5% Triton X-100 for 15 min
at room temperature. Subsequently, cells were incubated
with 100 ul 1X Apollo® reaction cocktail for 30 min at room
temperature, followed by Hoechst 33342 (5 yg/ml) for 30 min
at room temperature in the dark. The stained cells were imaged
under a fluorescence microscope (Olympus Corporation,
Tokyo, Japan) at a magnification of x200, and the EdU positive
ratio was calculated as (EdU-labeled cells/Hoechst-stained
cells) x 100%.

Colony formation assay. HepG2 or Hep3B cells were seeded
in 6-well plates at a density of 500 cells/well and cultured with
DMEM complete medium containing 5 or 10 xuM IBC for
2 weeks at 37°C. The cell colonies were fixed with methanol
for 15 min at room temperature and then stained with 0.5%
crystal violet for 15 min at room temperature. The number of
colonies containing =50 cells was counted under an inverted
optical microscope at a magnification of x40.

Analysis of cell cycle and apoptosis. HepG2 or Hep3B cells
were starved in serum-free DMEM medium for 24 h at 37°C
and treated with 10 or 20 xM IBC for another 48 h at 37°C.
Subsequently, cells were harvested with trypsin and fixed with
70% ice-cold ethanol at 4°C overnight. The fixed cells were
stained via incubation with 10 zg/ml propidium iodide (PI) and
100 pg/ml RNase for 30 min at room temperature in the dark.
For the apoptosis analysis, cells were treated with 10 or 20 uM
IBC for 48 h at 37°C and stained with Annexin V-fluorescein
isothiocyanate and PI (Nanjing KeyGen Biotech Co., Ltd.,
Nanjing, China) for 15 min at room temperature in the dark,
according to the manufacturer's instructions. All of the
samples were analyzed using a FACS Calibur flow cytom-
eter with Cell Quest software version 3.0 (BD Biosciences;
Becton, Dickinson and Company).

Protein extraction and western blotting. HepG2 or Hep3B
cells were harvested and total protein was extracted using
Radioimmunoprecipitation Assay lysis buffer (Beyotime
Institute of Biotechnology, Haimen, China) with phenylmethane
sulfonyl fluoride (PMSF). The isolation of histone protein was
performed as described previously (32). Protein concentra-
tion was determined using a bicinchoninic acid kit (Pierce;
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Thermo Fisher Scientific, Inc.). Equal amounts of total protein
(50 pg) or histone protein (20 ug) were resolved by 10 or 15%
SDS-PAGE, respectively, and transferred to polyvinylidene
fluoride membranes (EMD Millipore, Billerica, MA, USA).
The membranes were incubated with blocking buffer (PBS
with 5% non-fat milk and 0.1% Tween-20) for 1 h at room
temperature, and then probed with specific primary antibodies
overnight at 4°C. Subsequently, the membranes were incu-
bated with the species-appropriate infrared-dye-conjugated
secondary antibodies for 2 h at 4°C, and then protein bands
were visualized using an Odyssey Infrared Imaging System
(LI-COR Biosciences, Lincoln, NE, USA).

Preparation of Sepharose 4B beads and in vitro pull-down
assay. CNBr-activated Sepharose 4B beads (0.1 g) were
washed five times with 1 mM HCI and collected by centrifu-
gation at 500 x g for 3 min at 4°C. Subsequently, the beads
were incubated with 3 mg IBC or DMSO in coupling buffer
[0.1 M NaHCO; and 0.5 M NaCl (pH 8.3)] with gentle rocking
overnight at 4°C. The beads were then washed five times with
coupling buffer to remove excess ligand and incubated in
blocking buffer [0.1 M Tris-HCI (pH 8.0)] overnight at 4°C.
Afterwards, the beads were alternatively washed in three cycles
with 0.1 M acetic acid buffer (pH 4.0) containing 0.5 M NaCl
and 0.1 M Tris-HCI (pH 8.0) containing 0.5 M NaCl, and then
resuspended in 500 ul PBS. IBC-Sepharose 4B beads (or only
Sepharose 4B as a control) were then incubated with cellular
supernatant fractions of HepG2 or Hep3B cells (500 pg) in
reaction buffer [5SO mM Tris (pH 7.5), 5 mM EDTA, 150 mM
NaCl, 1 mM DTT,0.01% NP40 and 0.02 mM PMSF] containing
2 ug/ml BSA and protease inhibitor cocktail (Roche Applied
Science, Penzberg, Germany) with gentle rocking overnight at
4°C. Finally, the beads were washed five times with reaction
buffer, and the bound proteins were visualized by western
blotting according to the aforementioned protocol.

Immunoprecipitation (IP) and in vitro kinase assay. The
pCMV3-RSK2 expression vector was transiently introduced
into HepG?2 cells, and total protein was extracted using IP lysis
buffer (Beyotime Institute of Biotechnology). Cell extracts
(300 ug) were incubated with 2 pg anti-Flag tag antibody
overnight at 4°C, followed by incubation with 20 ul of protein
A/G agarose beads (Santa Cruz Biotechnology, Inc.) for 2 h
at 4°C. The precipitated beads were washed three times with
lysis buffer and twice with 1X kinase buffer (Cell Signaling
Technology, Inc.). The kinase reactions were performed in a
total of 40 ul 1X kinase buffer supplemented with 200 pM
ATP (Cell Signaling Technology, Inc.), 1 g recombinant
human histone H3 (New England BioLabs, Inc., Ipswich, MA,
USA), and 10 or 20 uM IBC at 30°C for 30 min. Reactions
were terminated with 6X SDS sample buffer (Beyotime
Institute of Biotechnology), and then the supernatants were
boiled for 5 min at 95°C and resolved by 15% SDS-PAGE. The
phosphorylation levels of histone H3 were detected by western
blotting according to the aforementioned protocol.

The effect of IBC on the endogenous RSK?2 activity was
further analyzed. HepG2 cells were starved in serum-free
DMEM medium for 24 h at 37°C and treated with 10 or 20 uM
IBC for 2 h prior to exposure to EGF (10 ng/ml) for 15 min
at 37°C. Cell extracts (500 ug) were used for IP with RSK2
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antibody according to the aforementioned protocol, and then
an in vitro kinase assay was performed with histone H3
peptide as a substrate.

Reporter gene assay. HepG2 or Hep3B cells were seeded
into 24-well plates at a density of 1x10° cells/well, and then
were co-transfected with AP-1 luciferase reporter vector
(1.0 ug) and pRL-TK Renilla luciferase vector (0.02 ug)
(Promega Corporation, Madison, WI, USA) using jetPEI
DNA transfection reagent. At 24 h after transfection, cells
were serum-starved for another 12 h and pretreated with
10 or 20 uM IBC for 4 h at 37°C, followed by stimulation
with EGF (10 ng/ml) for 12 h at 37°C. Cells were lysed with
passive lysis buffer (Promega Corporation) for 20 min with
gentle shaking, and then the firefly luciferase and Renilla
luciferase activities were measured using a Dual-Luciferase
assay system (Promega Corporation) in a FB12 Luminometer
from Titertek-Berthold (Berthold Detection Systems GmbH,
Pforzheim, Germany). The firefly luciferase activity was
normalized to Renilla luciferase activity to equalize the trans-
fection efficiency.

Statistical analysis. All data were analyzed using SPSS 16.0
and GraphPad Prism 5.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA). Data from at least three independent
experiments are expressed as the mean + standard devia-
tion. An unpaired Student's t-test was employed to evaluate
the difference between two groups. The differences were
determined using one-way analysis of variance with Dunnett's
post hoc corrections for multiple comparisons. P<0.05 was
considered to indicate a statistically significant difference.

Results

Computational modeling between IBC and ERKs/RSK2. IBC
is a prenylated chalcone of the class flavonoid (Fig. 1A). The
predicted docking structures of IBC into the binding pockets of
ERKs and RSK?2 kinases are depicted in Fig. 1B. Additionally,
the ligand-protein interactions of IBC-ERKs/RSK?2 complexes
intwo-dimensional diagrams are further depicted in Fig. S1.IBC
docked inside the ATP binding pocket of ERK1 (Fig. 1B-a) and
formed five hydrogen-bonds with ERK1, with three involved
in the backbone atoms of the residues of Asp123, Metl25 and
Lys72, while the other two engaged with the side-chain atoms
of the residues of Lys71 and Tyr53 in close proximity to the
ATP binding pocket (Fig. 1B-b and S1A). Among these five
residues, Aspl23 and Metl125 were located in the hinge loop
and Tyr53 was the gate residue in the glycine-rich loop, which
also developed m-interactions with IBC between their benzene
rings (Fig. 1B-b and S1A). Additionally, the 3-methyl-2-butene
tail of the ligand located inside a hydrophobic pocked formed
by the residues of Tyr53, Ile73, 11e89 and Ile120, while the
other carbon atoms of IBC also created the hydrophobic inter-
action with the side-chains of the residues Ile48, Tyr53, Met55,
Val56, Ala69, Ile101, Leul24, Met125 and Leul73 around the
ATP binding site (Fig. S1A). The docking of this compound to
ERK?2 provided a similar binding pose as that between IBC
and ERK1.

However, the docking of IBC to the N-terminal kinase
domain (NTKD) of RSK2 provided a binding pose (Fig. 1B-c)
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Figure 1. Predicted models of the ERKs/RSK2-IBC complexes. (A) Chemical structure of IBC. (B) Computational models of ERK1/RSK2Y™P-[BC complexes.
(B-a) The binding poses between IBC and ERKI1. (B-b) Hydrogen bonds between IBC and the five residues of Asp123, Met125, Try53, Lys71 and Lys72 in
the ATP binding site of ERK1. (B-c) The binding poses between IBC and RSK2NXP, (B-d) Hydrogen bonds between IBC and two residues of Leu50 and
Glu197 in the ATP binding site of RSK2N™P, The figures were generated using Maestro. The o-helices are drawn as cylinders and the B-strands as arrows.
IBC is depicted as stick models and protein residues are depicted as line models. ERKSs, extracellular signal-regulated kinases; RSK2, ribosomal S6 kinase 2;

IBC, isobavachalcone; NTKD, N-terminal kinase domain.

similar to the SL0O101/afzelin-bound form (21), which demon-
strated notable structural rearrangements of the N-lobe,
compared with the AMP-PNP-bound form (33) as a typical
molecular architecture of AGC kinases (34). The distinct
features of the conformational changes of RSK2NTXP from the
AMP-PNP-bound form (33) were described previously (21).
In the docking model of IBC-RSK2NT®P TBC formed two
hydrogen bonds with RSK2, with one involved in the back-
bone amide group of the hinge loop residue Leul50, and
the other engaged with the backbone carbonyl oxygen of the
residue Glu197 (Fig. 1B-d). IBC also developed mt-interactions
between the benzene rings with the gate residue Phe79 in
the glycine-rich loop (Fig. 1B-d) and Phe212 in the DFG
motif of the activation loop (Fig. S1B). Additionally, the
3-methyl-2-butene tail of the ligand located inside a hydro-
phobic pocked formed by the residues of I1e50, Leul55,
Phe212 and Leu214, while the other carbon atoms of IBC
also created hydrophobic interactions with the side-chains of
the residues Phe79, Val82, Ala98, Leul02, Vall31, Leul45,
Leul47, Phel49, Leul50, Leul55, Leu200 and Phe212 around
the ATP binding site (Fig. S1B). The docking energy between
this compound and RSK?2 C-terminal kinase domain (CTKD)
was demonstrated to be >2.0 kcal/mol higher, compared
with between IBC and RSK2N™¥P from virtual screening
and induced fit docking (Table SI). Thus, it was considered
that this ligand could be primarily bound inside the ATP
binding pocket in the N-terminal kinase domain of RSK2.
Finally, these computational results indicate that IBC possibly

exhibits ATP-competitive inhibitory effects on ERK1/2 and
RSK2 kinases.

IBC inhibits the proliferation of liver cancer cells. In view of
the computer predication that IBC may be a potential inhibitor
of ERKs/RSK2 signaling, the cytotoxic effects of IBC on liver
cancer cells and immortalized hepatocytes were investigated.
Asdepicted in Fig.2A,IBC significantly decreased the viability
of liver cancer HepG2 and Hep3B cells in a concentration- and
time-dependent manner. The ICy, values of IBC on HepG2
and Hep3B cells at 48 h were 16.45 and 13.22 uM, respectively.
In contrast, a less significant cytotoxic effect was observed in
immortalized normal liver LO2 cells. The EdU incorporation
assay was performed to further determine the effects of IBC
on the proliferation of HepG2 and Hep3B cells. As depicted in
Fig. 2B, following exposure to various concentrations of IBC
for 48 h, the ratio of EdU-positive cells was gradually reduced
with the increasing concentrations of IBC. Furthermore, the
colony-forming ability of HepG2 and Hep3B cells was attenu-
ated by IBC in a concentration-dependent manner (Fig. 2C).
Collectively, these observations indicated that IBC effectively
suppresses the viability and proliferation of liver cancer cells
rather than normal hepatocytes.

IBC induces cell apoptosis in liver cancer cells. The effects
of IBC on cell cycle distribution and apoptosis were further
analyzed using flow cytometry. Notably, it was deter-
mined that IBC exerted no notable influence on cell cycle
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Figure 2. IBC inhibits the proliferation of liver cancer cells. (A) HepG2, Hep3B and LO2 cells were treated with different concentrations of IBC for 24 or
48 h, and cell viability was assessed by Cell Counting Kit-8 assay. (B) HepG2 or Hep3B cells were treated with different concentrations of IBC for 48 h,
and cell proliferation ability was analyzed using an EdU incorporation assay. EdU-labeled proliferative cells (red) and Hoechst-stained nuclei (blue) were
observed under a fluorescence microscope (magnification, x200). (C) HepG2 or Hep3B cells were incubated with different concentrations of IBC for 2 weeks,
and then cell growth was detected with a colony formation assay. All data were expressed as the mean =+ standard deviation (n=3). "P<0.05 and “P<0.005 vs.

vehicle-treated control. IBC, isobavachalcone.

distributions of HepG2 and Hep3B cells, even up to the
concentration of 20 uM (Fig. S2). However, treatment with
IBC could induce a notable concentration-dependent increase
of cell apoptosis, particularly early apoptosis, in HepG2 and
Hep3B cells (Fig. 3A). Subsequently, the effect of IBC on
apoptosis-associated molecules was investigated. As depicted
in Fig. 3B, exposure of HepG2 cells to IBC caused the down-
regulation of MDM?2 and Bcl-2, along with the increase of p53
and Bax, in a concentration-dependent manner. Additionally,
procaspase-9 exhibited a significant decrease response to
IBC treatment, concomitant with the increasing levels of
caspase-3 and -7 activities and cleavage of PARP (Fig. 3C),
indicating a hierarchical activation of the apoptotic caspase
cascade. Collectively, these results indicated that the induction
of caspase-mediated apoptosis was involved in the antitumor
activity of IBC on liver cancer cells.

IBC directly binds with ERKs/RSK2 and inhibits RSK2
kinase activity. It has been determined from computer-aided
virtual screening and molecular modeling that ERK1/2 and
RSK?2 may represent potential targets of IBC. To further
determine whether IBC directly binds with ERK1/2 and
RSK2, an in vitro pull-down assay using HepG2 or Hep3B
cell lysates was conducted. As depicted in Fig. 4A, ERK1/2

and RSK2 could bind to the IBC-Sepharose 4B beads, but not
to DMSO-Sepharose 4B beads. Additionally, IBC could not
selectively bind to INK/SAPK (Fig. 4A).

Subsequently, an IP kinase assay was conducted to inves-
tigate the effect of IBC on RSK2 kinase activity. Histone H3
is a well-known phosphorylation substrate of RSK2 (35).
The full-length RSK2 was transfected into HepG2 cells and
RSK2 protein was immunoprecipitated by Flag-tagged anti-
body. The precipitates were subjected to an in vitro kinase
assay with various concentrations of IBC and histone H3
peptide as a substrate. As depicted in Fig. 4B, treatment with
IBC inhibited the levels of histone H3 phosphorylation at
Serl0 in a concentration-dependent manner, compared with
untreated control, indicating that IBC could effectively block
RSK2 kinase activity in vitro. Additionally, whether IBC
interferes with the activity of endogenous RSK2 in HepG2
cells was investigated. Cells were treated with various
concentrations of IBC for 2 h, followed by stimulation with
EGF. The results from RSK2 IP kinase assay revealed that
IBC also significantly inhibited EGF-induced endogenous
RSK2 kinase activity (Fig. 4C). Overall, these observations
indicated that IBC could effectively suppress the RSK2
activity by directly binding to ERK1/2 and RSK2 in liver
cancer cells.
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Figure 3. IBC induces cell apoptosis in liver cancer cells. (A) HepG2 or Hep3B cells were treated with different concentrations of IBC for 48 h, and apoptosis
was analyzed using flow cytometry with Annexin V/PI double staining assay. Cells were categorized into viable cells (Q3), early apoptotic cells (Q4), late
apoptotic cells (Q2) and dead cells (Q1). (B) HepG2 cells were treated with different concentrations of IBC for 48 h. Cell lysates were harvested and immu-
noblotted with anti-MDM?2, p53, Bcl-2 and Bax antibodies. (C) Cells were treated with different concentrations of IBC for 48 h, and then were subjected to
immunoblotting analysis with caspase-9, caspase-7, caspase-3 and PARP. $-actin was used as the loading control. Data are presented as the mean + standard
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Figure 4. IBC directly binds with ERK1/2 and RSK?2, and inhibits RSK?2 kinase activity. (A) For the in vitro IBC pull-down assay, lane 1 depicts cell lysates
from HepG2 or Hep3B cells used as input controls, lane 2 depicts cell lysates incubated with DMSO-Sepharose4B beads used as the negative controls and
lane 3 depicts cell lysates incubated with IBC-Sepharose4B beads, and then the precipitated proteins were visualized by western blotting using antibodies
against ERK1/2, RSK2 and SAPK/INK. (B) HepG2 cells were transfected with pPCMV3-RSK2 or control vector, and then cell lysates were immunoprecipi-
tated with Flag-tagged antibody. The kinase assay was performed using different concentrations of IBC and histone H3 peptide as a substrate. The expression
levels of p-histone H3 (Ser10), histone H3 and Flag-tag were detected by western blotting. (C) HepG2 cells were serum-starved for 24 h, treated with different
concentrations of IBC for 2 h and then stimulated with EGF (10 ng/ml) for 15 min. Cell lysates were immunoprecipitated with RSK?2 antibody, and then
RSK2 kinase activity was determined using an in vitro kinase assay with histone H3 peptide as a substrate. IBC, isobavachalcone; ERK1/2, extracellular
signal-regulated kinase 1/2; RSK2, ribosomal S6 kinase 2; DMSO, dimethyl sulfoxide; SAPK/JNK, stress-activated protein kinase/c-Jun NH2-terminal
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IBC suppresses EGF-induced activation of the ERKs/RSK?2
signaling pathway. Based on the aforementioned experimental
results, it was concluded that IBC exerted antitumor activity
on liver cancer cells through regulating the ERKs/RSK2
signaling pathway. The effects of IBC on EGF-induced
phosphorylation of ERK1/2 and RSK2 were examined by
western blotting. As expected, EGF, a tumor promoter,
induced the phosphorylation of ERK1/2 and RSK2 in HepG2
and Hep3B cells (Fig. 5A). Treatment with IBC significantly
inhibited EGF-induced phosphorylation of RSK2 in a
concentration-dependent manner (Fig. 5A), consistent with the
decrease of endogenous RSK?2 activity by IBC. However, the
EGF-induced phosphorylation of ERK1/2 does not appear to
be affected by IBC (Fig. 5A). To demonstrate the inhibitory
role of IBC on the ERKs/RSK?2 signaling pathway, the status
of its downstream target proteins, including CREB, ATF1 and
histone H3, whose phosphorylation is increased in response
to EGF-induced ERKs/RSK2 activation, were evaluated. As
depicted in Fig. 5B, the phosphorylation levels of CREB,
ATF1 and histone H3 induced by EGF were notably abro-
gated by IBC in a concentration-dependent manner. AP-1 is
a dimeric transcription factor composed of Jun, Fos or ATF
protein family members (36). It is well known that RSK2 is

involved in the regulation of AP-1 transcriptional activity
through its phosphorylation of histone H3 at Serl0 (31). The
present results indicated that EGF promoted AP-1 transcrip-
tional activity and that treatment with IBC resulted in a
concentration-dependent inhibition of AP-1 transactivation in
liver cancer cells (Fig. 5C). Collectively, these results provided
evidence that IBC could effectively block the ERKs/RSK?2
downstream signaling pathway, which may be responsible for
the anti-proliferation activity of IBC to some extent.

RSK2-mediated signaling is involved in IBC-induced suppres-
sion of liver cancer cells. To further determine the role of
RSK2 in IBC-induced suppression of liver cancer cells, the
expression levels of RSK2 in HepG2, Hep3B and LO2 cells
were detected. As depicted in Fig. 6A, compared with L0O2
cells, elevated total- and phospho-RSK?2 protein levels were
observed in HepG2 and Hep3B cells. On this basis, a vector
encoding RSK2 was transfected into LO2 cells, and then
cell viability was evaluated with a CCK-8 assay under the
conditions with or without IBC. Expectedly, overexpression
of RSK2 significantly promoted the proliferation of L02
cells (Fig. S3). Furthermore, enforced RSK2 expression in
LO02 cells notably enhanced the inhibitory effect of IBC on cell
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P, phosphorylation.

viability (Fig. 6B). Additionally, it was observed that RSK?2
overexpression notably increased colony formation capacity
in LO2 cells, whereas IBC effectively counteracted the effect
of RSK2 on inducing colony formation (Fig. 6C). Conversely,
RSK2 knockdown in HepG2 cells reduced the effect of IBC
on suppressing cell proliferation in a concentration-dependent
manner, compared with the control cells (Fig. 6D). Overall,
these results supported the assertion that the RSK2-mediated
signaling pathway serves a critical role in the inhibitory effect
of IBC on liver cancer cells.

Discussion

Deregulation of Raf/MEK/ERKSs signaling is implicated in cell
proliferation, survival, metastasis and tumorigenesis, along with
the overwhelming frequency in which this pathway is aberrantly
activated inhuman cancer types,including melanomas, colorectal
cancer, non-small cell lung cancer and liver cancer (8). RSK2 is
a downstream kinase of ERKs and, functionally speaking, is
located between ERKs and its own target transcription factors.
RSK?2 was reportedly involved in the proliferation of various
cancer cells and neoplastic cell transformation induced by

tumor promoters, including EGF and 12-O-tetradecanoylphorb
ol-13-acetate (31,37). Mice lacking RSK2 exhibited the reduced
c-Fos-dependent osteosarcoma formation (38). Inhibition of
RSK2 significantly blocked the proliferation and invasion of
human glioblastoma cells and enhanced the effectiveness of
temozolomide and irradiation therapy in temozolomide-resistant
glioblastoma cells (39). Notably, increased total and activated
RSK?2 protein levels are exhibited in various cancer cell lines
and solid cancer types, including melanoma, glioblastoma, and
multiple myeloma, and are correlated with advanced tumor stage
and poor survival prognosis of patients (39-41). The mRNA
expression of RSK2 was significantly increased in HCC tissues,
compared with adjacent non-tumor liver tissues according to
the analysis of microarray gene expression data (42). It was also
observed that the levels of total and phosphorylated RSK2 were
elevated in HepG2 and Hep3B cells, compared with normal
liver LO2 cells. Enforced expression of RSK2 in LO2 cells
substantially promoted cell proliferation and colony formation.
These observations indicated that RSK?2 serves a key role in cell
proliferation, transformation and cancer development and that
targeting RSK2 may represent a potential therapeutic strategy
for numerous human cancer types, including liver cancer.
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RSK?2 is composed of two functional kinase domains that
are activated by a series of phosphorylations in a sequential
manner (10). The NTKD of RSK2 serves a key role in the
transducing RSK2 activation signal to its substrates (10).
However, the activation of CTKD by upstream ERK1/2 is
required for the initiation of the activation process, resulting
in activation of RSK2 NTKD (10). Therefore, high-throughout
virtual screening was performed to identify the potential
inhibitors targeting ERKs/RSK2 from >500 traditional
Chinese medicine compounds. The results demonstrated that
IBC, a chalcone constituent from Psoralea corylifolia and
Angelica keiskei (43), could bind to the ATP binding pocket of
ERK1/2, as well as NTKD of RSK2, indicating that IBC may
be an ATP-competitive inhibitor targeting ERK1/2 and RSK2.
An in vitro pull-down assay further demonstrated that IBC
directly bound with ERK1/2 and RSK2. Furthermore, IBC
was demonstrated not only to suppress RSK2 kinase activity,
but also to abate EGF-induced phosphorylation of RSK2.
The decrease in ERK1/2 activity caused by IBC may account
for the abrogation of RSK2 phosphorylation. Notably, it was
observed that IBC did not modulate the phosphorylation of
ERK1/2. Binding with IBC may abrogate the catalytic activity
of ERK1/2 on its downstream substrates or directly interfere
the interaction between ERK1/2 and its substrates, but does not
appear to affect the phosphorylation of ERK1/2 mediated by
its upstream kinases. Collectively, these results demonstrated
that ERK1/2 and RSK?2 are potential targets of IBC.

Among numerous biologically active chalcones, IBC is
one of the most resourceful compounds and is present in a
variety of plant families and species, particularly Fabaceae
and Moraceae (43). It is well-known that IBC possesses a wide
range of pharmacological effects, including anti-inflammatory,
antifungal, antimicrobial, antioxidant and other activities (43).
Previously, IBC has been demonstrated to exert antitumor
activity against a number of cancer types. IBC exhibited
notable inhibitory effects on mouse skin tumor promotion
in in vivo two-stage skin carcinogenesis (44). IBC could
induce apoptosis in neuroblastoma cells with no significant
cytotoxicity against normal cerebellar granule cells (45). IBC
was demonstrated to induce more growth limitations and
apoptosis for cancer cells with elevated Akt activation rather
than umbilical vein endothelial cells (HUVEC) and normal
hepatocyte LO2 cells (46). In the present study, it was observed
that IBC could notably suppress the proliferation of HepG2
and Hep3B cells, while it has minimal effect on LO2 cells,
further indicating that IBC may be applicable as an efficacious
and safe anticancer agent candidate. Flow cytometric analysis
further revealed that IBC dose-dependently promoted the
apoptosis of liver cancer cells, whereas no notable alteration
was observed in cell cycle distributions following treatment
with the same dose of IBC. Furthermore, the expression of
apoptotic markers, including active caspase-3, -7 and -9, and
cleaved PARP, was also detected in the IBC-treated liver
cancer cells. These observations revealed that the antitumor
activity of IBC may be associated with caspase-mediated cell
apoptosis in liver cancer cells.

RSK2 inhibition was indicated to be involved in
IBC-induced apoptosis. Exposure of cells to IBC caused the
downregulation of MDM?2, concomitant with an increase
of p53, which may be associated with the inhibition of the
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RSK?2/Akt pathway by IBC, resulting in a decrease of MDM?2
phosphorylation and stability (47,48). The p53 protein is also an
important substrate of RSK2, and the RSK2-p53-histone H3
complex may contribute to chromatin remodeling and cell
cycle regulation, but is not required for cell apoptosis (49).
Additionally, RSK2-mediated phosphorylation and inactivation
of Bcl-2-associated agonist of cell death and death-associated
protein kinase exerted an anti-apoptosis effect via the modu-
lation of Bcl-2/Bax (50,51). The downregulation of Bcl-2 by
IBC is expected to reduce the drug resistance in liver cancer
cells (52,53). The possibility will be further investigated in the
future. Overall, these data implied the association between
RSK?2 inhibition and the pro-apoptotic effect of IBC.

Various physiological and pathological functions of RSK2
are attributed to its extensive substrate specificity (10,37).
When activated, RSK?2 is translocated to the nucleus and
phosphorylates a number of diverse substrates that regulate
cell proliferation, transformation, cell cycle and apoptosis,
depending on the specific situation (10,37). The CREB/ATF
family of transcription factors are notable substrates of RSK2,
and the RSK2-CREB/ATF pathway modulates transcrip-
tional activation of numerous target genes, including the
proto-oncogenes c-Fos and c-Jun, the cell cycle genes Cyclin D
and Cyclin A, and the anti-apoptotic gene Bcl-2 (10,37).
RSK?2 mediates EGF-induced phosphorylation of histone H3
at Serl0 and promotes the expression of c-Fos and c-Jun,
as well as AP-1 transactivation (31). In the present study,
IBC was demonstrated to effectively inhibit EGF-induced
phosphorylation of CREB, ATF1 and histone H3, along with
AP-1 transactivation activity, which was responsible for the
antitumor effect of IBC on liver cancer cells. The functional
association between IBC and RSK2 was further demonstrated
by in vitro functional experiments. Enforced RSK2 expression
in LO2 cells could significantly increase the selectivity of IBC
to suppress cell viability of normal hepatocytes. Furthermore,
RSK?2 overexpression promoted cell proliferation and colony
formation, which could be notably counteracted by IBC. On
the contrary, silencing of RSK?2 expression in HepG2 cells
could decrease the inhibitory efficacy of IBC on cell prolifera-
tion. Collectively, these results demonstrated that IBC exerted
antitumor activity against liver cancer cells through regulating
the ERKs/RSK?2 signaling pathway.

In conclusion, to the best of our knowledge, the present
study demonstrated for the first time that IBC is a potential
inhibitor targeting ERK1/2 and RSK2 and that inhibition
of the ERKs/RSK?2 signaling pathway serves a pivotal role
in the anti-proliferative and pro-apoptotic effects of IBC on
liver cancer cells (Fig. 6E). Therefore, IBC may represent a
promising therapeutic candidate for human cancer cases with
elevated ERKs/RSK?2 activity.
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