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Abstract

More than 90% of the cancer-associated mortality is attributed to its metastasis. Numerous studies demonstrated that natural
steroidal saponins from plants had the capacity to inhibit lung cancer metastasis. Dioscin-6’-O-acetate (DA) was a novel
steroidal saponin first obtained from the rhizomes of Dioscorea althaeoides R. Knuth. Our previous study indicated that it
suppressed lung cancer cell proliferation via inducing cell-cycle arrest and enhancing caspase-dependent apoptosis. Until
now, there were still no reports on its anti-migration activity. In the present study, we further verified the anti-proliferation
and apoptosis-inducing effects and investigated the anti-migration effects of DA on human NSCLC (NCI-H460, NCI-
H1299, NCI-H520) and SCLC (NCI-H446) cells for the first time. To clarify the possible mechanisms, western blot and/or
RT-PCR analysis were used. The results revealed that DA treatment increased the levels of caspase 3, 8, 9, and Bax and
markedly decreased the expression of bcl-2, PCNA, MMP-2, MMP-9, and NF-kB. Docking study indicated that DA
presented strong affinity with the key metastasis-related proteins, such as MMP-2, MMP-9, and NF-kB. We proposed that
DA might suppress lung cancer proliferation by downregulating PCNA, induce lung cancer apoptosis via activation of
caspase-dependent apoptosis pathways, and inhibit lung cancer migration possibly by targeting MMP-2/9 through NF-xB
signaling suppression. The findings would provide the foundation for the clinical use of DA in future.
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Introduction

Lung cancer is a predominant type of malignancy with the
highest morbidity and mortality worldwide (Wang et al.
2018; Siegel et al. 2017; El Gaafary et al. 2017; Siegel et al.
2016). Non-small cell lung cancer (NSCLC) accounts for
about 85% of lung cancers, with a 5-year survival rate of
<15%, while small cell lung cancer (SCLC), another type of
lung cancer with a 5-year survival rate of 6%, is the most
aggressive lung cancer form (Liu et al. 2017). More than
90% of the cancer-associated mortality can be attributed to
its metastasis (Li et al. 2018a). A total of 80-90% of
NSCLC patients have distant metastasis upon diagnosis or
during treatment (Wang et al. 2018). Owing to these
obstacles, it is difficult to treat lung cancers effectively.
Thus novel effective drugs either targeting or preventing its
ongoing metastasis are urgently needed for combating this
malignancy.

Metastasis is a complex process that is regulated by
multiple genes. The degradation of the extracellular matrix
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(ECM) via protease is a crucial step during tumor invasion
or migration (Wang et al. 2018). As a family of enzymes
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Dioscin-6'-O-acetate (DA)
Chemical Formula: C47H74047
Molecular Weight: 911.09
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Fig. 1 The anti-proliferative effect of DA on four lung cancer cells. a
Chemical structure of dioscin-6’-O-acetate (DA). b The colony-
formation assay of DA. ¢, d Effects of DA (0-5.0 uM) on the mRNA

degrading the ECM, the matrix metalloproteinases (MMPs),
particularly MMP-2 and MMP-9, are strongly implicated in
the invasion and metastasis of malignant tumors and a poor
prognosis in cancer patients (Kim et al. 2017). MMP-2 and
MMP-9, which are overexpressed during tumor metastasis,
have a unique capability to use mainly collagen IV as sub-
strate and digest the basement membrane to promote the
migration of transdifferentiated cells into the submesothelial
area in cancer metastasis (Lupinacci et al. 2018; Asghar et al.
2018). Nuclear factor (NF)-xkB signaling pathway is
involved in cell metastasis and migration by modulating the
expression of downstream targets, including MMPs (Garg
et al. 2010). Hence, targeting NF-xB and MMPs could
prevent tumor metastasis and consequently reduce mortality.
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Previous studies shown that natural steroidal saponins
derived from plants had the capacity to inhibit lung cancer
metastasis through the downregulation of MMP-2 and
MMP-9 (Jung et al. 2016; Lim et al. 2017; Si et al. 2016).
The extraction of Dioscorea nipponica Makino (Dioscor-
eaceae) inhibits migration and invasion of human oral
cancer HSC-3 cells by transcriptional inhibition of MMP-2
through modulation of c-AMP-responsive element-binding
protein and activator protein 1 activity (Chien et al. 2012).
Dioscin-6’-O-acetate (DA; Fig. 1la), a novel steroidal
saponin, was first isolated from the rhizomes of Dioscorea
althaeoides R. Knuth (Dioscoreaceae) (Li et al. 2016). Its
deacetylation analogue, dioscin existing in most of Dios-
corea plants, induced human lung cancer cell apoptosis and
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autophagy through suppression of phosphoinositide-3
kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR), activation of mitogen-activated protein kinase
(MAPK) signaling pathways and activation of mitochon-
drial signal pathway (Wei et al. 2013; Hsieh et al. 2013).
Furthermore, dioscin remarkably impaired lung cancer
migration via inhibiting transforming growth factor-beta 1
(TGF-p1)-regulated activation of MMP-2/9 (Lim et al.
2017), although our previous study indicated that DA
suppressed lung cancer cell proliferation via inducing cell-
cycle arrest and enhancing caspase-dependent apoptosis, at
least partly, through reactive oxygen species-mediated
PI3K/AKT, MAPK, and NF-xB signaling pathways (Li
et al. 2019). The anti-migration activities and precise
molecular mechanisms of DA have not been understood.
The aim of the present study was to further elucidate the
anti-proliferation, apoptosis-inducing and anti-migration
effects, and possible mechanisms of DA on human
NSCLC (NCI-H460, NCI-H1299, NCI-H520) and SCLC
(NCI-H446) cells.

Materials and methods
Reagents

DA was isolated by our laboratory (Li et al. 2016) with the
purity a 98% (for 'H and *C nuclear magnetic resonance
spectra, see Figs. S1 and S2; for HPLC chromatogram, see
Fig. S3). Hoechst 33258, acridine orange (AO), and ethi-
dium bromide (EB) fluorescent dyes were all obtained from
Solarbio Science and Technology Co. (Beijing, China). The
other reagents were of analytical purity.

Cell lines and culture

Human lung large cell carcinoma NCI-H460 (H460),
human lung adenocarcinoma NCI-H1299 (H1299), human
lung squamous cell carcinoma NCI-H520 (H520), and
SCLC NCI-H446 (H446) were acquired from Shanghai
Institutes of Biological Sciences, Chinese Academy of
Sciences (Shanghai, China). The human lung cancer cells
were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (PAN-Biotech GmbH, German)
and 1% penicillin—streptomycin (100 units/mL, 100 mg/
mL) at 37 °C in a humidified incubator containing 5% CO,.

Colony-formation assay

Lung cancer cells (800/well) were incubated for 7 days in a
6-well plate. Different concentrations of DA (0-5.0 uM)
were added. The cells were incubated with DA for another
5 days. Then 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl

tetrazolium bromide (MTT) solution (0.5 mg/mL) was
added and incubated for 4 h. Finally, the status of colony
formation was recorded by a camera.

AO/EB and Hoechst 33258 staining

After treatment with DA (0-5.0 uM) for 24 h, the cells were
washed with phosphate-buffered saline (PBS) thrice and
then fixed in 100% ice-cold methanol for 5 min. After
washing in PBS thrice, the nuclei were stained with AO/EB
staining solution (100 mg/mL. AO and 100 mg/mL EB in
PBS) or Hoechst 33258 (1 pg/mL) for 15 min and observed
by fluorescence microscopy with filters for ultraviolet
(NikonN-STORM). Quantification of apoptotic cells in AO/
EB staining assay was performed using the Imagel]
software.

Wound-healing scratch assay

The cancer cells were cultured in 6-well plates for 24 h at
37°C. Wounds were created in the cell monolayer and
washed with PBS to remove cell debris, thereby treated with
different concentrations of DA for 24 h or treated with DA
(5.0 or 4.0 uM) for different treatment times. After that, the
dead cells were washed away with PBS thrice, and the
images were taken by the fluorescence microscope
(NikonN-STORM).

Reverse transcription polymerase chain reaction
(RT-PCR)

Lung cancer cells were seeded in 6-well plates (2.5 x 10%/
well) and incubated with 0-5.0 uM of DA for 24 h. Then
cells were extracted with TRIzol (Life Technologies Inc.)
according to the manufacturer’s instruction. The quality of
RNA was assessed by the absorbance of the samples at 260
and 280 nm. cDNA synthesis (Table S1) was performed
using RevertAidTM M-MuLV RT (Fermentas, Hanover,
MD, USA) according to the supplier’s protocol. Resulting
RT products were stored at —80 °C until analysis. A series
of cDNA was amplified in PCR reactions consisting of 1x
Taq polymerase buffer with 1.5 mM of MgCl, (Promega,
Madison, WI), 200 mM of each dNTP, 10 pmol of each
primer pair, and 1 U of Taq DNA polymerase (Promega).
PCR products were analyzed by electrophoresis on 3.0%
agarose gel and visualized after ethidium bromide staining.

Western blot analyses
The harvested protein was diluted by 4x SB loading buffer
(Solarbio Science and Technology Co., China) and boiled

for Smin before loading onto sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels. The
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protein samples were separated by SDS-PAGE and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane.
After blockage of non-specific binding sites, the membrane
was incubated overnight at 4°C with various primary
antibodies. The primary antibodies were NF-kB p65, pro-
liferating cell nuclear antigen (PCNA; Santa Cruz Bio-
technology, USA), MMP-2, and MMP-9 (Boster Biological
Technology Co. Ltd., China). A f-actin antibody (Santa
Cruz Biotechnology, USA) was used as a control for equal
loading. After washing with PBST buffer solution thrice,
PVDF membrane was incubated with IRDye® 680LT goat
anti-mouse or goat anti-rabbit IgG secondary antibody (LI-
COR Biotechnology, USA) for 2 h. Then the expression of
protein was detected by Odyssey infrared imaging system
(LI-COR Biotechnology, USA). Densitometric analysis of
protein expression was performed using the Imagel soft-
ware and the values were normalized to those of p-actin.

Molecular docking

Docking simulations were carried out by using AutoDock
Vina program (version 1.1.2).(Trott and Olson 2010) Three-
dimensional structures of DA were downloaded from Pub-
Chem Compound (http://pubchem.ncbi.nlm.nih.gov). The
structure of NF-xB (PDB code: 4Q3J), MMP-9 (PDB code:
1GKC), and MMP-2 (PDB code: 3AYU) were obtained
from the protein data bank (http://www.rcsb.org/pdb).
Receptors were prepared by removing water molecules and
impurity ions, extraction of co-crystallized ligand, and
adding polar hydrogen atoms. Docking calculations were
performed based on the Lamarckian genetic algorithm. The
predicted binding energy (kcal/mol) was calculated. The
most reasonable complex structures were identified
according to binding energy.

Statistical analysis

Data was expressed as mean = S.D. of at least three inde-
pendent experiments. Significant differences among groups
in this study were analyzed by one-way analysis of variance
test and Dunnett’s test. A value <0.05 was considered to be
statistically significant. All statistical analyses were per-
formed with SPSS the IBM SPSS Statistics 21.

Results

DA inhibited proliferation of lung cancer cells

The MTT results of previous study indicated that DA
caused less growth arrest in the normal lung BEAS-2B cells

than that in the four lung cancer cells (Li et al. 2018b).
Based on the ICsq values, the concentrations of 1.2, 2.5, and
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5.0uM for NCI-H460 cells and 1.0, 2.0, and 4.0 uM for
NCI-H1299, NCI-H520, and NCI-H446 cells were chosen
in the following assays.

The long-term anti-proliferative effect of DA was tested
by colony-formation assay. The results revealed that DA
dose-dependently reduced the clonogenicity of four cancer
cells (Fig. 1b). Moreover, the mRNA and protein levels of
PCNA were both significantly downregulated by DA (Fig.
lc, d). Our results revealed that DA significantly inhibited
proliferation of four lung cancer cells by downregulation of
PCNA.

DA induced apoptosis of four lung cancer cells

The effects of DA on apoptosis of NCI-H460, NCI-H1299,
and NCI-H520 human NSCLC cells and NCI-H446 human
SCLC cells were detected by AO/EB and Hoechst
33258 staining assay. Hoechst 33258 staining revealed that
the condensed chromatin of cell nuclei and the nuclear
fragmentation were observed in DA-treated lung cancer
cells (Fig. 2a). Consistently, in AO/EB staining assay (Fig.
2a), obvious orange-colored to red-colored fluorescence of
the apoptotic cells was observed in DA-treated lung cancer
cells. The quantification results of apoptotic cells in AO/EB
assay revealed that DA induced observable apoptosis in
four lung cancer cells (Fig. 2b). To evaluate the relevant
mechanisms of DA-induced apoptosis, the levels of
apoptosis-related mRNA were determined by RT-PCR. As
shown in Fig. 3, treatment with DA for 24 h remarkably
upregulated the mRNA levels of Bax, caspase-3/-9, and
poly ADP-ribose polymerase (PARP) and prominently
suppressed the expression of bcl-2 in four human lung
cancer cells. In addition, the mRNA levels of caspase-8 in
NCI-H460, NCI-H1299, and NCI-H520 cells were sig-
nificantly increased, along with a slight upregulation in
NCI-H446 cells. All the above results demonstrated that DA
exerted anti-proliferation effects on human lung cancer cells
by inducing apoptosis, at least partially, through activation
of the caspase-dependent pathway.

DA suppressed the migration of lung cancer cells via
attenuations of MMP-2 and MMP-9

Tumor invasion and metastasis are the hardest problems in
tumor treatment, especially for lung cancers. As shown in
Fig. 4a, b, the capacities of wound healing of human NCI-
H460, NCI-H1299, NCI-H520, and NCI-H446 cells were
significantly attenuated by DA in a dose-dependent manner.
The wound-healing area (percentage of 0h) of NCI-H460
cells in control group at 72 h only reached to 42.65%, while
that of NCI-H1299 (at 36 h), NCI-H520 (at 36 h), and NCI-
H446 (at 48 h) cells was dramatically increased to 92.03,
81.49, and 98.37%, respectively, indicating that the


http://pubchem.ncbi.nlm.nih.gov
http://www.rcsb.org/pdb

Medicinal Chemistry Research (2019) 28:1-12

A

DA (24 h)
Control

-
o
RS
e
(=) =
(=3
s &

I "
- >
(&) i
z ®
g
X

Control

NCI-H1299

(x004) g3/0V  (X001) 3s0yo0H

3 Control

807 /=3 pa1.00r1.2um

*kk

Ratio of apoptosic cells (%)

Fig. 2 The morphological changes of the cells treated by DA (0-5.0
uM) for 24 h. a Fluorescence images of lung cancer cells stained by
Hoechst 33258 and AO/EB. For the AO/EB assay, the normal cells are
green in color, early apoptosis yellow in color, late apoptosis orange in

invasion ability of NCI-H1299, NCI-H520, and NCI-H446
was much stronger than that of NCI-H460. However, DA
treatment could sharply weaken the migration of the three
lung cancer cells, as well as the NCI-H460 cells. In addi-
tion, DA exerted significant inhibitive effect on the protein
levels of MMP-2 and MMP-9 in a concentration-dependent
manner (Fig. 4c). Moreover, the mRNA levels of NF-xB
and protein expression of NF-kB p65 in the nucleus in NCI-
H460, NCI-H1299, NCI-H520, and NCI-H446 lung cancer
cells were all significantly downregulated by DA treatment
(Fig. 5a, b).

Molecular docking
To investigate the interaction between DA and key

metastasis-related proteins, molecular docking experiments
were analyzed by AutoDock Vina program. The “blind
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(**P<0.01, ***P<0.001 vs control group) (color figure online)

docking” approach was used in order to find the binding site
of DA in NF-xB p65/p50, MMP-9, and MMP-2. The blind
docking studies revealed that main binding sites of DA (Fig.
6al—cl). More details about DA-binding these sites are
shown in Table 1. For NF-xB p65/p50 (PDB: 1IKN), there
were three main binding sites. Site 1 showed an apparent
high affinity for DA, in contrast to sites 2 and 3 (Fig. 6a2).
The blind docking experiments revealed that DA pre-
ferentially bounded to the site 1 in MMP-9 (PDB: 1GKC;
Fig. 6b). DA had three pose among the top-ranked poses
binds to the site 1 in MMP-2 (PDB: 3AYU; Fig. 6¢). On the
basis of the above results, we proposed the site 1 as a
potential binding site and aimed to reveal their molecular
inhibitory mechanisms.

The binding mode of DA, with the best docking score
and interaction in the binding site, is shown in Fig. 7. DA
bounded to the active binding sites of NF-kB p65/p50,
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MMP-9, and MMP-2 with the lowest binding energy of
—8.4 kcal/mol, —8.2 kcal/mol, and —8.0 kcal/mol, respec-
tively. The main interactions between DA and the active
binding sites of NF-kB p65/p50, MMP-9, and MMP-2 were
hydrophobic interactions and hydrogen bonds. Four
hydrogen bonds were found between the hydroxyl groups at
the sugar moiety of DA and the residues Asn200A,
Glu264C, and Glu350C of NF-kB p65/p50. Meanwhile, the
sapogenin part of DA was adjacent to two amino acid
residues Tyr348C and [e351C of NF-xB p65/p50 via
hydrophobic interactions. Two hydrogen bonds of Glul11A
and Alal91A with the hydroxyl groups in the glycoside of
DA were largely responsible for the interaction between DA
and MMP-9. Moreover, there was also hydrophobic contact
between Tyr423A of MMP-9 and the sapogenin part of DA.
Seven hydrogen bonds were found between the hydroxyl
groups of DA and the residues Ala83A, Hisl24A,

@ Springer

Glul29A, and His130A of MMP-2. Simultaneously, there
were also hydrophobic contacts between Phe4A and Pro8A
of MMP-2 and the sapogenin part.

In order to validate the docking experiment that was
used, we analyzed active sites between actual pose of the
co-crystallized inhibitor and the docking ligand into their
respective binding sites in NF-xB p65/p50, MMP-9, and
MMP-2. Figure 8 showed the superimposition between the
best docking result and the crystallographic geometry. In
NF-xB p65/p50 (PDB ID: 1IKN), the site 1 was situated not
far from the location previously identified as the active site
(Huxford et al. 1998). The proximity of these two sites, as
well as the high affinity of DA for this binding site, sug-
gested that site 1 played an important role in the bioactivity
of MMP-9 (PDB ID: 1GKC) (Rowsell et al. 2002). For
MMP-2 (PDB ID: 3AYU), site 1 was rather narrow and
deep, adjacent to the active site of co-crystallized inhibitor.
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lines. a mRNA levels were normalized with GADPH levels. b Protein
levels of NF-xB p65 in the nucleus of lung cancer cells were

Relative gene levels (of control)
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normalized with histone H3 levels. Data are presented as mean + S.D.
of at least three independent experiments (*P < 0.05, **P <0.01, ***P
<0.001 vs control group)

Fig. 6 Docking poses of DA binding to a NF-kB p65/p50 (PDB:
1IKN), b MMP-9 (PDB: 1GKC), and ¢ MMP-2 (PDB: 3AYU). al,
b1, ¢l Top blind docking poses were listed. Poses at the proposed
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active sites are shown in different colors with the rest in gray. a2, b2,
c2 Top-scoring DA-focused docking poses at the proposed active sites
(color figure online)
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Table 1 List of poses in the blind docking of DA targeting NF-kB p65/
p50 (PDB: 1IKN), MMP-9 (PDB: 1GKC), and MMP-2 (PDB: 3AYU)

Poses Binding affinities (kcal/mol)
NF-xB p65/p50 MMP-9 MMP-2

1 —8.4% —8.2° -8.0*
2 —8.1 -7.9* —7.6
3 -8.0 —7.9* —7.4*
4 -7.0 -7.6* -7.3*
5 —6.9 —7.0* —-7.2
6 —6.5 —6.6" —6.9
7 —5.8 —6.1* —6.5
8 —5.3 -5.9* —6.2
9 5.2 —-5.7* —6.1
10 —4.4 —5.6* —5.6
11 —5.3* 5.2
12 -5.3* —4.8
13 —5.2 —4.7
14 —4.8* -35
15 -3.0
16 -2.6

“Indicates that the ligand binds to the active region in protein

It was in agreement with the previous study to some extent
(Hashimoto et al. 2011).

In conclusion, DA had the ability to penetrate into the
active site of the key metastasis-related proteins such as
MMP-2, MMP-9, and NF-xB p65/p50 and inhibit the bio-
logical action of proteins mainly through the hydrogen
bonds.

Discussion

As the most frequently diagnosed cancer, lung cancer is the
leading cause of death with a high incidence of metastatic
pathology (Hsiao et al. 2018; Gong et al. 2018). Current
primary therapeutic agents for lung cancer, including cis-
platin, pemetrexed, and erlotinib, exhibited antitumor
effects by impairing the structure and function of DNA,
inhibiting cell proliferation, or suppressing epidermal
growth factor receptor signal pathways (Tian et al. 2016;
Rosell et al. 2002). Moreover, owing to their toxic side
effects and drug resistance, these drugs were limitedly
applied in clinical therapy. So it is urgent to find novel anti-
metastasis candidates with low toxicity for lung cancers. As
a natural steroidal saponin from D. althaeoides R. Knuth, its
anti-proliferation and apoptotic-inducing effects were fur-
ther verified, and its anti-metastasis activities on human
lung cancer NCI-H460, NCI-H1299, NCI-H520 (NSCLC)
and NCI-H446 (SCLC) cells were investigated in this study
for the first time.

Tumor development and progression involve the cell
transformation, deregulation of programmatic cell death,
proliferation, invasion, angiogenesis, and metastasis (Si et al.
2016). It is of great importance in cancer therapy to interrupt
cell proliferation. PCNA is a critical protein in regulating
cell growth (Zhao et al. 2012). The present results demon-
strated that DA significantly inhibited proliferation of four
lung cancer cells by downregulation of PCNA.

Induction of apoptosis has been served as a promising
approach for cancer therapy (Si et al. 2016). It occurs
mainly through two pathways including the mitochondrial-
mediated (intrinsic) apoptotic pathway and the cell-death-
receptor-mediated (extrinsic) apoptotic pathway (Mi et al.
2016). Bcl-2 family members are closely involved in reg-
ulating the mitochondrial apoptotic pathway (Tseng et al.
2017). Consistent with the apoptosis effects of dioscin
(Hsieh et al. 2013; Wei et al. 2013), DA triggered promi-
nent apoptosis partially by activating caspase-9 and cas-
pase-3, resulting in PARP cleavage in lung cancer cells.
Moreover, DA treatment significantly upregulated the
mRNA level of Bax and downregulated the mRNA level of
bcl-2, thereby substantially increased Bax/bcl-2 ratio, indi-
cating that the mitochondrial apoptotic pathway may be
involved in DA-induced apoptosis in lung cancer cells
(Chipuk et al. 2010). Besides, caspase-8 was involved in
extrinsic apoptotic pathway activated by Fas and various
apoptotic stimuli (Sui et al. 2014). A significant increase of
caspase-8 was also detected in the DA-treated groups. All
the above results were consistent with our previous study
(Li et al. 2019). Taken together, the mitochondria-mediated
pathway and activation of caspase-8 played important roles
in the DA-induced apoptosis in human lung cancer cells.

Tumor metastasis is the leading cause of mortality
associated with lung cancer. Numerous researches revealed
that increased expression and activity of MMPs, particularly
MMP-2 and MMP-9, promoted invasion in lung cancer
cells (Gong et al. 2018; Ding et al. 2018). DA dramatically
inhibited the invasive capacities NCI-H460, NCI-H1299,
NCI-H520, and NCI-H446 human lung cancer cells based
on the wound-healing assay. In addition, the expression of
MMP-2 and MMP-9 were prominently decreased in a
concentration-dependent manner after DA treatment in four
lung cancer cells. The results were consistent with the anti-
metastasis effects of dioscin (Si et al. 2016; Tao et al. 2017),
suggesting that MMP-2 and MMP-9 at least partially par-
ticipated in regulating human lung cancer cell migration.

NF-kB is a major sensor of cell stress closely connected
with malignancy in many aspects. Promoting cell proliferation
and migration as well suppression of apoptosis are its known
roles in oncogenesis (Wu et al. 2018). It plays important role
in the regulation of the production and activity of MMPs
(Feng et al. 2014; Garg et al. 2010). Consistent with previous
research, the mRNA levels of NF-xB, and the protein

@ Springer



Medicinal Chemistry Research (2019) 28:1-12

ILE-351

"

B1 MMP-9
" 4 =\ /

Fig. 7 3D and 2D intermolecular interactions of DA with a NF-kB
p65/p50 (PDB: 1IKN), b MMP-9 (PDB: 1GKC), and ¢ MMP-2 (PDB:
3AYU). The compound and important amino acids in the binding
pockets are shown in the stick model, whereas proteins are depicted in

expression of NF-kB p65 in the nucleus of four lung cancer
cells, were all significantly downregulated by DA treatment.
These results suggested that DA inhibited migration of human
lung cancer cells via the downregulation of MMP-2/9 through
NF-xB signaling suppression.

Moreover, docking study indicated that DA presented
strong affinity with the key metastasis-related proteins such
as MMP-2, MMP-9 and NF-kB p65/p50, and inhibited the
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online)

biological action of proteins mainly through the hydrogen
bonds.

In summary, we found that DA suppressed cell pro-
liferation by downregulating PCNA, induced lung cancer
apoptosis via activation of caspase-dependent apoptosis
pathway, and inhibited lung cancer migration possibly by
targeting MMP-2/9 through NF-xB signaling suppression
(Fig. 9). The findings would provide a new theoretical basis
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Fig. 8 Superimposition of ligand
molecules within the a NF-xB
p65/p50 (PDB: 1IKN), b MMP-
9 (PDB: 1GKC), and ¢ MMP-2
(PDB: 3AYU). Vin Violet is
representativeed of the position
of the inhibitor in the X-ray
structure; green represents the
position of DA obtained by
docking (color figure online)

51S rolif‘eratio

Migration

Fig. 9 Possible signaling pathways for antitumor effects of DA on human lung cancer cells

for the application of DA in molecular targeted therapy of
lung malignancies.
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