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Fraxetin Suppresses Proliferation of Non-Small-Cell Lung Cancer
Cells via Preventing Activation of Signal Transducer and
Activator of Transcription 3
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Lung cancer represents the leading cause of cancer-associated mortality, and non-small-cell lung cancer
(NSCLC) is the most frequent histologic sub-type. It is therefore urgent to develop novel agents for the
treatment of NSCLC. Fraxetin (FXT) is a potent plant-derived product and has been recognized as a
promising anticancer agent for breast cancer and osteosarcoma. However, the anti-cancer potential of FXT
for NSCLC remains to be elucidated. Accordingly, in the present study, we evaluated the inhibitory effect of
FXT on the proliferation and growth of NSCLC cells using six human NSCLC cell lines: A549, H460,
HCC827, H1650, PC-9 and H1975. FXT exhibited significant inhibitory effects on the proliferation of these
cancer cell lines. By contrast, no inhibitory effect was observed on the viability of non-cancer lung cell lines
even at the highest concentration of FXT (100 uM). Among the NSCLC cell lines, HCC827 and H1650 cells
showed the most sensitive to FXT. Accordingly, HCC827 and H1650 cells were used for the subsequent
experiments. Flow cytometric analysis revealed that FXT caused a significant cell cycle arrest and
pro-apoptotic effects. Mechanistically, FXT suppressed the IL-6-induced phosphorylation of tyrosine
residue (Tyr705) of signal transducer and activator of transcription 3 (STAT3) probably by binding to STAT3.
Molecular docking and molecular dynamic simulations studies indicated that FXT interacts with STAT3
through hydrogen bond and hydrophobic interaction. In conclusion, these findings suggest that FXT could
be a promising lead compound to be used as a novel STAT3 inhibitor and potential antitumor agent for the

treatment of NSCLC.
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Introduction

Lung cancer represents the leading cause of cancer-
associated mortality accounting for an estimated 1.76 mil-
lion deaths worldwide in 2018 worldwide (Bray et al.
2018). Non-small-cell lung cancer (NSCLC) is the most
frequent histologic sub-type, accounting for approximately
80%-85% of all cases of lung cancer, for which the pre-
dicted 5-year survival rate is extremely poor (Reck et al.
2013). Although numerous novel targeted therapies have
brought significant improvements to the survival and prog-
nosis for patients with NSCLC, the overall outcome of cur-
rent therapies for NSCLC remain obscure (Hirsch et al.
2017). Besides, the standard first-line treatment for patients
with advanced NSCLC is platinum-based doublet chemo-

therapy (Rossi and Di Maio 2016); however, these agents
are commonly associated with nephrotoxicity, neurotoxic-
ity, and myelosuppression. Thus, it becomes imperative to
identify novel agents with promising antitumor activity, less
toxicity, and high therapeutic index for effective treatment
of patients with advanced NSCLC.

Coumarin (2H-1-benzopyran-2-one), the parent mole-
cule of coumarin derivatives, belongs to the family of the
benzopyrone consisting of benzene ring joined to the
a-pyrone nucleus and is comprised of a large class of natu-
rally occurring phenolic substances found in plants.
Coumarin and its derivatives are identified to exhibit
diverse pharmacological activities including anticoagulant,
anti-inflammatory, anti-microbial and particularly anti-
tumor activities, antioxidant, and neuroprotective properties
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(Peng et al. 2013; Emami and Dadashpour 2015; Pinto and
Silva 2017). In recent years, coumarin-based compounds
have become a hotspot for anticancer drug design and dis-
covery (Kaur et al. 2015). Natural products, esculetin and
osthole, are the two well-studied coumarin-based anticancer
agents that exhibit potent in vitro cytotoxic activity against
the growth of several human tumor cell lines (gastric carci-
noma, colon carcinoma, and breast cancer cell line) and in
vivo anti-tumor activities in xenograft models (Lee et al.
2013; Wang et al. 2017; Dai et al. 2018; Xu et al. 2018).
Besides, several natural and synthetic coumarin-based
drugs, including Warfarin (anti-metastasis agent) and
Geiparvarin (anti-proliferation agent), have been screened
and found exhibit specific anticancer effects, suggesting
that these cytotoxic coumarin-based compounds represent a
desirable lead for novel anticancer drug discovery with
minimized toxicity to normal tissues (Chimichi et al. 2009;
Kirane et al. 2015).

Fraxetin (FXT, 7,8-dihydroxy-6-methoxy coumarin) is
a plant-derived coumarin primarily isolated Fraxinus bun-
geana and has been reported to exert potent antibacterial,
anti-inflammatory, and neuroprotective effects (Molina-
Jimenez et al. 2004; Wang et al. 2014; Chen et al. 2018).
Recently, studies have reported that FXT could induce
apoptosis and suppress metastasis in certain tumors. Liu et
al. (2017) identified that FXT significantly facilitated the
apoptosis in MCF-7 breast cancer cells through upregula-
tion the expression of Fas, FasL and Bax. Moreover,
Kimura and Sumiyoshi (2015) demonstrated that FXT
inhibits the proliferation of osteosarcoma LMS cells in vitro
and the tumor growth in mice implanted with LMS cells in
vivo. However, there is a paucity of studies on the anti-pro-
liferative activities of FXT. Thus, the anti-cancer potential
of FXT remains to be elucidated.

In the present study, we investigated the in vitro poten-
tial of FXT in a panel of six NSCLC cell lines. The results
from cell proliferation (MTS assay) and colony formation
experiments indicated that FXT significantly inhibited the
proliferation and growth of NSCLC cells. Flow cytometric
and Western blot analyses indicated that FXT significantly
effectively arrested NSCLC cells at the G0/Glphase and
induced apoptosis. The further mechanistic investigation
revealed FXT as a potential inhibitor of signal transducer
and activator of transcription 3 (STAT3). Eventually, the
possible mechanism on the interaction between STAT3 and
FXT was simulated through molecular docking and molec-
ular simulations, which demonstrated that the hydrogen
bond and hydrophobic interaction might contribute to their
binding interaction.

Material and Methods

Cell culture and reagents

The human pulmonary epithelial cells Beas-2B, human bron-
chial epithelial cells HBE and NSCLC cell lines A549, H460,
HCC827, H1650, PC-9 and H1975 were obtained from Shanghai
Institute of Biosciences and Cell Resources Center (Chinese Academy

of Sciences, Shanghai, China). The cells were routinely cultured in
RPMI-1640 or DMEM (Gibco/BRL lifeTechnologies, Eggenstein,
Germany) supplemented with 10% fetal bovine serum FBS (Hyclone,
Logan, UT), 1% penicillin/streptomycin solution in a humidified
atmosphere of 5% CO, at 37°C. 3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
powder was purchased from Promega (Wisconsin, USA). The pri-
mary antibodies used in this study, including P-STAT3 (Y705),
STAT3, Bax, Bcl-2, Cleaved PARP, Cyclin D1, Cdk-4, Cdk-6 and
f-actin were all purchased from Cell Signaling Technology (Danvers,
MA). Goat anti-rabbit IgG-HRP secondary antibody were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA); FXT was pur-
chased from Solorbio (Beijing, China).

Cell viability assay

The cell viability was measured by the Cell Titer 96 Aqueous
Non-Radioactive Cell Proliferation Assay Kit (Promega). 5x10° cells
were seeded in 96-well plates overnight, then the culture medium was
removed and all cells were treated with different concentrations of
chemicals for 72 h. The absorbance value of each well was deter-
mined by a microplate reader at 490 nm. Each experiment was
repeated for three times.

Colony formation assay

HCC827 and H1650 cells (1,000 cells/well) were seeded in
6-well cell culture plate for 24 h, then DMSO and FXT (20 or 40 uM)
were added to the culture medium. After 24 h, the culture medium
was replaced with fresh culture medium for 14 days. Colonies was
removed the medium, washed with PBS twice, fixed with methanol
for 15 min, then washed with PBS three times, and finally stained
with crystal violet for 15 min. Colonies containing more than 50 cells
were counted, and visualized colonies were then photographed.

Cell apoptosis analysis

Cell apoptosis was detected by flow cytometer analysis and
Western blotting. For flow cytometer analysis of apoptosis, cells
treated as indicated for 24 h were harvested by trypsin, washed twice
by PBS, and re-suspended in 100 4L 1x binding buffer. 5 uL FITC
Annexin V and PI (556547, BD Biosciences, USA) was added to the
cell suspension and then incubated for 15 min at room temperature.
After dilution with 400 xL binding buffer, the samples were analyzed
by ACS Calibur flow cytometer (BD). For apoptosis by Western blot-
ting, cleavage of PARP (poly ADP-ribose polymerase), Bcl-2 and Bax
were analyzed.

Cell cycle analysis

Cells (3 x 10° cells/well) were seeded in 6-well plates and
allowed to adhere overnight. The next day, the cells were treated with
different compounds as indicated for 24 h. Then the cells were tryp-
sinized, washed, and fixed in 75% ice-cold ethanol at 4°C overnight.
After centrifugation, the pellets were washed with cold PBS, sus-
pended in 500 xL PBS with 50 mg/ml propidium iodide (PI) and
incubated at 4°C for 30 min in the dark. Then cell suspension was
subjected to a FACS Calibur instrument (Becton Dickinson
FACSCalibor, BD Biosciences, Franklin Lakes, NJ).

Western blot analysis
After treated as indicated for 24 h, the cells were washed once
by PBS. The cell lysates were quantitated by BCA protein assay kit
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(Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of pro-
teins were separated by SDS-PAGE and transferred to PVDF mem-
brane. After being blocked with 5% non-fat dry milk in TBST for 1.5
h, membranes were incubated with a 1:1,000 dilution of specific pri-
mary antibody overnight at 4°C and the secondary antibody conju-
gated with horseradish peroxidase (HRP) (1:5,000, Santa Cruz, CA)
for 2 h, the immunoreactive bands were visualized with enhanced
chemiluminescence (EMD Millipore, Billerica, MA, USA) in
Amersham Imager 600 system (GE Healthcare Life Sciences,
Shanghai, China).

Surface Plasmon Resonance (SPR) Analysis

SPR experiments were performed on a ProteOn XPR36 Protein
Interaction Array system (Bio-Rad Laboratories, Hercules, CA,
USA). Briefly, STAT3 solution in PBST (5 mM, pH 7.4) at a concen-
tration of 1 mg/mL was diluted to 30 xg/mL with sodium acetate buf-
fer (pH 4.5). The chip was activated with EDC/NHS (10 xL/min for
600 s). Then, STAT3 was loaded (5 uL/min for 400 s) and immobi-
lized covalently. Approximately 6,000 RU of STAT3 was immobi-
lized on the chip. Any excess of unbound STAT3 was removed by
flowing PBS solution (5 mM, pH 7.4, with 5%, w/v, DMSO). FXT
was prepared as 20-100 #M solution in PBS solution (5 mM, pH 7.4,
with 5%, w/v, DMSO), and injected (10 xzL/min for 100 s). Five con-
centrations were injected simultaneously at a flow rate of 30 xM/min
for 120 s of association phase, followed with 120 s of dissociation
phase at 25°C. The final graph was obtained by subtracting blank
sensorgrams from the duplex or quadruplex sensorgrams. Data were
analyzed by ProteOn manager software.

Prediction of the interaction between STAT3 and fraxetin

The STAT3 was retrieved from the Protein Data Bank (PDB)
webserver (PDB code: 1BG1) (Becker et al. 1998). The structure of
SH2 domain of STAT3 was selected as the binding site according to
previous studies (Li et al. 2011; Xiao et al. 2015). The structure of
SH2 domain was refined by PyMol, an open-source software, con-
tained removing all water molecules, DNA, non-bonded hetero-
atoms. Then, the STAT3 SH2 domain and fraxetin were processed by
AutoDockTools 1.5.6 software (Morris et al. 2009). The grid box (25
A x 25 A x 25 A) was covered the active binding site of STAT3. The
binding mode was predicted by the AutoDock (version 4.2) software
(Morris et al. 2009). Lamarckian genetic algorithm (LGA) was per-
formed for conformational sampling with trials of 100 dockings and
other settings were set as default. The conformation with lowest
binding energy was chosen for further molecular dynamics (MD)
simulation analysis.

Molecular dynamics (MD) simulation

The constructed structure of STAT3/fraxetin complex provided
by previously was used for the MD simulations. The restrained elec-
trostatic potential (RESP) method were used to calculate the partial
atomic charges for fraxetin based on HF/6-13G* basis set. The
ff14SB force field and general Amber force field (GAFF2) was
assigned to STAT3 and fraxetin, respectively (Wang et al. 2004;
Maier et al. 2015). The complex was then placed into a TIP3P water
box. Prior to MD simulation, equilibration protocol was carried out,
including minimization, heating and equilibration. Minimization pro-
cedure involved 6,000 steepest descent minimization cycles, followed
by 6,000 conjugate gradient minimization cycles. After the initial
minimization, the system was heated up from 0 to 300 K in 200 ps.

Subsequently, unconstrained equilibration at 300 K were carried out
to equilibrate the system at periodic boundary condition. Finally, 30
ns production MD simulation was conducted in the NPT ensemble.
During the productive MD simulation, Temperature was controlled
using Langevin dynamics while pressure was controlled using
Berendsen barostat (Berendsen et al. 1984; Loncharich et al. 1992).
Periodic boundary conditions were employed a 10.0 A cutoff was
used for nonbonded interactions (Essmann et al. 1995). All bonds
involving hydrogen atoms were constrained using the SHAKE algo-
rithm (Krautler et al. 2001). The coordinates were recorded every 2
ps for further numerical analysis (Roe and Cheatham 2013). Binding
energy decomposition were calculated using molecular mechanics/
generalized Born surface area (MM/GBSA) method with GB model
of 2 (igb = 2) (Miller et al. 2012). In this study, 500 snapshots
extracted from the last 20 ns MD trajectory were applied to the bind-
ing free energy decomposition as described previously (Liu et al.
2015; Xue et al. 2018).

Statistical analysis

The results are presented as the mean + standard error (SEMs).
The statistics were performed using one-way ANOVA in GraphPad
Pro (GraphPad, San Diego, CA, USA). P values < 0.05 were consid-
ered statistically significant. All the experiments were repeated a
minimum of three times. All of the aforementioned experiments were
repeated thrice.

Results

FXT inhibits NSCLC cell proliferation and colony forma-
tion

Abnormal proliferation driven by a succession of
oncogenic signals is one hallmark of cancer cells.
Formazan-forming assays are commonly used in cell prolif-
eration assays. Through the reduction of tetrazolium salts
by dehydrogenases and reductases to form the colorimetric
formazan products, it could reflect the ratio of living cells.
Using colorimetric MTS assays, the anti-proliferative
effects of FXT against two non-cancer human cell lines and
a panel of six NSCLC cell lines was determined (Fig. 1A).
As shown in Fig. 1B, FXT exhibited significant inhibitory
effects on HCC827 and H1650 cells with 1Cs, values of
20.12 uM and 22.45 uM, respectively. By contrast, no
inhibitory effect was observed in the cell viability of non-
cancer lung cell lines (Beas-2B and HBE) even at a high
concentration of 100 uM. Accordingly, HCC827 and
H1650 cells were used for the subsequent experiments.

Next, colony-forming assays were carried out to evalu-
ate the long-term suppressive effects of treatment with FXT.
After incubation with FXT for 2 weeks, cell colonies were
stained with crystal violet and counted. Results (Fig. 1C)
indicated that FXT exerted strong inhibitory effects on the
clonal growth of NSCLC cells.

FXT induces NSCLC cell cycle arrest

The eukaryotic cell, as well as cancer cell, consists of
four distinct phases: G1 phase, S phase, G2 phase, and M
phase. A complete and ordered cell cycle is essential to
cancer cell growth and survival, while arresting cells at the



150+

Y. Zhang et al.

FXT-72h

-e- Beas-2B ICgo > 100 pM
- HBEICg4> 100 uM

-4 A549 ICgy = 59.33 uM
-+ H460 IC5 = 61.36 UM

—+ PC-9Csq = 45.26 uM
& H19751C5y = 42.86 pM
= HCC8271C50=20.12 M
-4 H1650 ICqg = 22.45 uM

o 2
e i X 2 10
HO” N 0 N0 § -
H 3
Fraxetin (FXT) e
DMSO
HCC827
H1650

50 100

Concentration (UM)

FXT-25 pM FXT-50 pM

Fig. 1. Chemical structure and antiproliferative effects of FXT against six NSCLC cell lines.
(A) The chemical structure of fraxetin (FXT). (B) Antiproliferative effects of FXT against a panel of NSCLC cell lines
including A549, H460, H1975, HCC827, PC-9 and H1650. Cells were pre-treated with the indicated compounds at dif-
ferent concentrations (100, 50, 25, 12.5 and 6.25 gM) for 72 h. Then, MTS assay was performed to detect the cell via-
bility in each group. Data are representative of 3 independent experiments. (C) Effect of FXT on HCC827 and H1650
cells clone formation. Cells of each group were exposed for 7 days. Visualized colonies were photographed. Data are
representative of 3 independent experiments performed in triplicate, and the representative images are shown.

specific phase will severely hamper tumor progress. To
determine whether FXT influences NSCLC cell cycle dis-
tribution, we analyzed the proportion of cells at different
cell cycle phases by flow cytometry. The results indicated
that treatment with FXT led to the accumulation of HCC827
and H1650 cells at GO/G1 phase in a dose-dependent man-
ner (Fig. 2A). Cyclin D1 could form a complex with cdk4
and cdk6, which regulates the G1/S phase transition and
may contribute to tumorigenesis. On the other hand, the
results of the Western blot analysis suggested that FXT sig-
nificantly down-regulated the expression of G1/S transition
regulatory proteins (cyclin D1, cdk4 and cdko6, Fig. 2B).
These results demonstrated that FXT effectively induced
cell cycle arrest at GO/G1 phase through the reduction of
the expression of cell cycle-related proteins in HCC827 and
H1650 cells.

FXT induces NSCLC cell apoptosis

Inducing apoptosis is one of crucial means of most
anticancer drugs. Caspase 3 and its substrate poly ADP-
ribose polymerase (PARP) plays the central role in the
transduction of programmed cell death signals. Besides,
the Bcl-2 family members, such as Bcl-2 and Bax, also cru-
cially regulate the apoptosis of cancer cells. Thus, the
apoptosis-promoting effect of FXT on NSCLC cells was
evaluated by double-staining with annexin V-FITC and PI.
Flow cytometric analysis demonstrated that compared with
the control group, early- and late-stage apoptosis rates in
HCCB827 and H1650 cells were both markedly increased
after treatment with FXT for 24 h (Fig. 3A).

To establish molecular the mechanisms of FXT-
induced apoptosis, we examined the expression levels of
the apoptosis-related proteins including cleaved caspase-
PARP, Bax and Bcl-2 by Western blot analysis. Fig. 3B
revealed a significant upregulation of the expression of pro-
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Fig. 2. FXT induces the cell cycle arrest in HCC827 and H1650 cells.
(A) HCCS827 and H1650 cells were treated with FXT (25 or 50 M) for 24 h, and the cell cycle distribution was ana-
lyzed by the flow cytometry (Becton Dickinson FACSCalibor, BD Biosciences, Franklin Lakes, NJ). The representative
histogram of the cell cycle distribution was shown. Data are presented as the mean + Standard (SD) of three indepen-
dent experiments performed in triplicate. (B) Western blot analysis of cell cycle related protein cyclin D1, Cdk-4 and
Cdk-6. f-actin presented as the loading control.
*P < 0.05, **P < 0.01 compared to DMSO control.

apoptotic molecules cleaved-PARP and Bax, while the STAT3 signaling pathway. Accordingly, phosphorylation

expression of anti-apoptotic protein bcl-2 was significantly and total protein expression levels of STAT3 were analyzed
downregulated. by Western blot analysis. The results showed that FXT sig-
nificantly decreased STAT3 phosphorylation levels in a
FXT binds directly to STAT3 and suppresses STAT3 activa- dose-dependently manner (Fig. 4A). L-6 is a well-known
tion in NSCLC cells tumor-promoting cytokine, as well as the significant STAT3
The transcription factor STAT3 is involved in the activating stimuli that persistently phosphorylate tyrosine
oncogenesis of a variety of solid tumor malignancies (e.g., residue (Tyr705) of STAT3 in most malignancies. We then
NSCLC, gastric cancer, breast tumors, and so on). determined whether FXT could inhibit IL-6-mediated phos-
Previously, Kimura and Sumiyoshi (2015) demonstrated phorylation of STAT3. Indeed, FXT inhibited the IL-6-
that FXT suppressed the activation of IL-4 and IL-13- induced phosphorylation level of STAT3 induced in a dose-
induced STAT3 activation in a dose-dependent manner. We dependent manner (Fig. 4B).
therefore speculated that the antitumor activity of FXT in To investigate whether FXT interacts directly with

lung cancer might also be attributed to the inhibition of STAT3, we performed SPR experiments. As shown in Fig.
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(A) HCC827 and H1650 cells were treated with FXT (25 or 50 uM) for 24 h, Apoptosis was assessed by Annexin V/
propidium iodide (PI) staining. Data are presented as the mean + SD of three independent experiments performed in
triplicate. Quantification of Annexin V/PI staining showed the percentage of apoptotic cells. (B) The total protein was
extracted and the expression of Bax, Bcl-2 and cleaved-PARP was determined by Western blot analysis. f-actin repre-

sented as the loading control.
*P < 0.05, ¥**P < 0.01 compared to DMSO control.

4C, the SPR response value was increased gradually with
higher concentrations of FXT and a moderate equilibrium
dissociation constant (KD) of 25.65 uM. Together, these
results indicate that FXT interacts with STAT3, and subse-
quently preventing the phosphorylation of STAT3.

Analysis of the FXT-binding site by molecular modeling
Accumulating evidence demonstrated that the STAT3

signal pathway was activated upon the phosphorylation of

Tyr-705, followed by dimerization, nuclear translocation,

and DNA binding. The most druggable binding pocket of
the STAT3 is on the SH2 domain (Li et al. 2011).
Accordingly, molecular docking was performed for predic-
tion of the possible interaction between the SH2 domain of
STAT3 and FXT. Subsequently, we performed MD simula-
tions (30 ns) to obtain the equilibrated structures. As illus-
trated in Fig. SA, the root-mean square deviations (RMSDs)
of all the backbone atoms of the STAT3 SH2 domain, and
the heavy atoms of FXT were analyzed to validate the sta-
bility of the studied systems. The RMSDs of the backbone
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Fig. 4. FXT directly binds to STAT3 and inhibits the phosphorylation of STAT3 in a concentration-dependent manner.
(A) After HCC827 and H1650 cells were treated with FXT (12.5, 25, 50 and 100 M) for 24 h, the phosphorylated and
total STAT3 proteins were determined by Western blot. Proteins levels were subsequently quantified by densitometric
analysis compared to that of the control (100%). Results were statistically analyzed by one-way ANOVA with post-hoc
Dunnett’s test (*P < 0.05, **P < 0.01). All data are presented as the mean + SD from independent experiments per-
formed in triplicate. (B) Cells were pretreated with 0-100 M FXT for 24 h and then stimulated with IL-6 (50 ng/mL)
for 30 mins. STAT3 phosphorylation was determined by Western blot. (C) The direct-binding affinity between FXT

and STAT3 as revealed by SPR.

Kd, dissociation constant; Ka, association constant; KD, equilibrium dissociation constant.

atoms of the STAT3 SH2 domain exhibited a small fluctua-
tion after 10 ns MD simulation and the heavy atoms of FXT
showed relative stability during the whole simulation.
These results indicate that a relatively reasonable stable
conformation was obtained. After that, the last 20 ns from
MD simulation trajectories were used for decomposition of
the binding free energy into contribution of each residue to
highlight the roles of each residue in determining protein-
ligand recognition patterns. As presented in Fig. 5B, the
most contributed residues were Glu-594, Arg-595, Ser-636,
Ile-634 and Lys-591. Further, the detailed structural analy-
sis indicated that FXT binds to the hydrophobic binding
pocket of STAT3 to disrupt STAT3-STAT3 dimerization
(Fig. 5C). The predominant interactions were hydrogen
bond with Glu-594, Arg-595, Ser-636 and hydrophobic
interaction with Ile-634 and Lys-591 residues (Fig. 5D).

Discussion

Natural products represent an enormous resource of
bioactive compounds with abundant structural diversity and
have been extensively investigated for the discovery of
potential new anti-cancer agents. As an essential class of
natural chemicals, coumarins were reported to exhibit
immense anticancer potential with minimum side effects.
Esculetin, a coumarin derivative, is recognized to exhibit
anti-proliferative and pro-apoptotic effects on multiple
tumor types including human colorectal carcinoma, gastric
carcinoma, pancreatic cancer, and prostate cancer (Arora et
al. 2016; Wang et al. 2017; Kim et al. 2018). Results from
mechanistic studies also suggested that esculetin exerts its
antitumor effects through the involvement of a large num-
ber of cellular pathways, including Wnt/$-catenin, Axin2/
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Fig. 5. Structural analysis and free energy decomposition analysis of FXT-binding site of STAT3 SH2 domain.
(A) RMSD curves for the 30 ns MD simulation. (B) Residue contributions of STAT3 SH2 domain to FXT binding. (C)
Hydrophobic interaction between STAT3 SH2 domain and FXT. (D) Structural analysis of the most contributed resi-

dues of STAT3 SH2 domain to FXT binding.

E-cadherin, and IGF-1/PI3K/Akt signaling cascades (Lee et
al. 2013; Wang et al. 2017; Kim et al. 2018). Moreover,
osthole, another well-known coumarin-derivative, exerts
significant tumor-suppressing activities. In a recent study,
Dai et al. (2018) demonstrated that osthole inhibits the pro-
liferation of triple negative breast cancer cells both in vitro
and in vivo through suppression of STAT3 activation.

In the present study, for the first time we evaluated the
inhibitory effects of FXT against NSCLC cells. The find-
ings of this study indicated that FXT significantly sup-
pressed the proliferation and growth of NSCLC cells. By
contrast, it exhibited no cytotoxicity to human pulmonary
epithelial (Beas-2B) cells and human bronchial epithelial
(HBE) cells. Moreover, FXT caused significant cell cycle
arrest and apoptotic cell death in NSCLC cells in a dose-
dependent manner. Taken together, the findings of this
study suggested that FXT could be a safe and effective che-
motherapeutic agent against NSCLC.

Janus kinase-STAT3 signaling axis is one of the criti-
cal pathways involved in the progression and development
of various solid malignancies. Typically, STAT3 is local-
ized in the cytoplasm and activated through phosphoryla-
tion of Tyr-705 by receptor tyrosine kinases including
JAKSs, EGFR, PDGFR, Src and Abl. Activated STAT3 form
homo- or hetero-dimers in the cytoplasm and subsequently
translocate to the nucleus to regulate the expression of tar-
get genes including cyclin D1, Myc, MMP-2, MMP-9,
VEGEF, and HIF1-a involved in cell proliferation, cell inva-

sion and angiogenesis. Aberrant activation of STAT3 sig-
naling cascade has been associated with the oncogenic
potential in several malignancies (Chai et al. 2016).
Furthermore, over 50% of NSCLC primary tumors and cell
lines exhibit high levels of constitutively activated STAT3,
suggesting that STAT3 could be a highly promising target
for the treatment of lung cancer either as a single agent or
in combination therapy. Several naturally-derived STAT3
inhibitors, such as curcumin, betulinic acid, and caffeic
acid, were previously identified and evaluated for their anti-
cancer effects in preclinical research (Jung et al. 2007; Shin
et al. 2011; Xu and Zhu 2017). However, to the best of our
knowledge, there are no reports on coumarin-based STAT3
inhibitor. In the present study, by Western blot analysis, we
showed that FXT could restrain the activation of STAT3 in
NSCLC cells. SPR analysis further confirmed that the
direct interaction of FXT as a STAT3 inhibitor. Further,
molecular docking and simulation analyses suggested that
STAT3 inhibition through FXT predominantly depended on
hydrogen bond and hydrophobic interactions with the
hydrophobic cavity of the STAT3 SH2 domain. Based on
the findings of modeling studies, several beneficial modifi-
cation strategies were drawn. Due to the simple chemical
structure of FXT, it only occupied half of the space of
STAT3 SH2 hydrophobic pocket. Introduction of sizeable
steric hindrance groups into the 7- or 8-hydroxy position of
FXT might facilitate its binding ability. Furthermore, the
rigid large conjugated structure of FXT resulted in its poor
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solubility. However, the introduction of a hydrophilic moi-
ety at C-4 and C-5 position that is oriented away from the
hydrophobic pocket may efficiently enhance its water solu-
bility, which might importantly improve the poor druggabil-
ity of FXT.

In summary, FXT could significantly suppress NSCLC
cell proliferation, arrest the cell cycle, and induce apoptotic
cell death of NSCLC cells. Mechanistically, FXT could
bind directly to STAT3 and abrogate the phosphorylation of
STAT3. Furthermore, molecular docking and simulations
of the FXT/STAT3 complex revealed the underlying molec-
ular mechanism of FXT through the formation of hydrogen
bond and hydrophobic interaction with STAT3 SH2 domain.
Overall, these data suggest that FXT may serve as a novel
effective STAT3 inhibitor, and a promising candidate thera-
peutic agent for the treatment of NSCLC.
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