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Abstract
Background: Dictamnine (Dic), a naturally occurring furoquinoline alkaloid isolated from the root bark of
Dictamnus dasycarpus Turcz., is reported to display a wide range of potential pharmacological properties
including anticancer activity against multiple cancer types. However, little is known about the direct target
proteins and anticancer mechanisms of Dic.

Methods: Anticancer effects of Dic and chemotherapy resistance of lung cancer were determined by
CCK8, EdU and apoptosis assay. Boyden chamber migration and invasion, wound healing assay, plate
colony formation and sphere formation assay were performed to explore the effects of Dic on metastasis
and stemness of lung cancer cells. Protein docking analysis, cellular thermal shift assay (CETSA) and
drug a�nity responsive target stability (DARTS) were used for prediction and con�rmation of the
interaction between Dic and c-Met. qRT-PCR, Western blotting and immunohistochemistry (IHC) were used
in mechanism investigation. Tumor xenograft model was used to evaluate the anti-tumor effects of Dic in
vivo.

Results: Dic was found to suppress the proliferation of lung cancer cells and attenuate the activation of
the PI3K/AKT/mTOR and mitogen-activated protein kinase (MAPK) signaling pathways by directly
inhibiting the phosphorylation and activation of the receptor tyrosine kinase c-Met. Moreover, Dic
treatment signi�cantly inhibited the colony formation, migration, invasion, stemness, adhesive ability,
epithelial-mesenchymal transition and in vivo xenograft tumor growth of A549 lung cancer cells. Notably,
the combination of Dic and ge�tinib synergistically inhibited the cell proliferation, induced apoptosis, and
suppressed the PI3K/Akt/mTOR and MAPK signaling pathways in PC9 ge�tinib resistant cells.

Conclusions: In conclusion, Dic was identi�ed as a novel c-Met inhibitor and our results suggest the
potential use of Dic as a new therapeutic agent in the treatment of lung cancer or other cancers with
overactive c-Met pathway.

Background
Among all cancer types, lung cancer is still the leading cause of cancer-related deaths around the world
and more than 85% of all lung cancer cases are classi�ed as non-small-cell lung cancer (NSCLC).
Improved understanding of the molecular mechanisms that cause tumor progression and metastasis of
lung cancer has revolutionized the treatment of NSCLC. An oncogenic driver mutation has been identi�ed
in two-thirds of NSCLC patients. The tumorigenesis and malignant progression are usually caused by the
hyper-activation of the two key signaling cascades, the PI3K/AKT/mTOR pathway and the Ras-Raf-MEK-
ERK (also called the mitogen-activated protein kinase (MAPK)) pathway. The most common activating
oncogenic mutations or fusions identi�ed in lung cancer patients are receptor tyrosine kinase EGFR,
serine/threonine-protein kinase K-Ras and B-Raf mutations, anaplastic lymphoma kinase (ALK) and
proto-oncogene receptor tyrosine kinase (ROS1) fusions, which lead to the aberrant activation of
PI3K/AKT/mTOR and MAPK pathways. The identi�cation of these candidate oncogenic driver mutations
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in NSCLC and the �ndings of increasing number of clinically available inhibitors directly targeting these
driver mutations provide a great opportunity to improve prognosis in patients with NSCLC. However,
nearly all patients will develop resistance to targeted therapies due to intrinsic or acquired resistance [1].

Previous studies have reported that higher expression of c-Met is observed in 61% of NSCLCs and
correlates with poor prognosis in NSCLC patients. c-Met is a receptor tyrosine kinase with only a single
known ligand, the hepatocyte growth factor (HGF). Binding of HGF to c-Met stimulates c-Met receptor
activation and then triggers downstream signaling pathways including PI3K/AKT/mTOR and MAPK
pathways. Abnormal c-Met signaling can be activated by the somatic mutation or ampli�cation of MET,
or the overexpression of the c-Met receptor which drivers tumorigenesis and is related to metastasis and
poor prognosis in a wide range of major human cancers including NSCLC. Indeed, it is well known that
aberrant c-Met activity can confer lung cancer with acquired resistance to EGFR-TKI [2].

Dictamnine (4-methoxyfuro[2,3-b]quinolone, Dic), is a major bioactive component isolated from the root
bark of Dictamnus dasycarpus Turcz. (Rutaceae). Dic, as a bioactive natural furoquinoline alkaloids, has
been reported to possess many bene�cial pharmacological activities, such as anti-platelet-aggregation,
antibacterial, anti-mitosis, vascular-relaxing and anti-in�ammation [3]. Because of its outstanding bio-
pharmacological activities, Dic is usually used as a herbal medicine and recommended for the treatment
of a variety of diseases including eczema, rheumatic arthritis, coronary atherosclerosis, jaundice hepatitis
and others [3]. In addition, Dic has shown potent proliferation-inhibition and apoptosis-induced activities
in various cancer-derived cell lines, such as human cervix, colon, oral carcinoma and human breast
cancer cells [4]. Recently, Dic was reported to induce cell cycle arrest at low concentration and cell
apoptosis at high concentration via mitochondria and caspase 3-independent mechanisms in A549 cells
[5]. However, the detailed molecular mechanisms by which Dic induces apoptosis of A549 cells need to
be further investigated.

In this study, we showed for the �rst time that Dic can strongly suppress the activation of the two
classical signaling cascades, PI3K/Akt/mTOR and MAPK pathways by directly targeting receptor tyrosine
kinase c-Met, leading to the inhibition of lung cancer cell proliferation and metastasis. Additionally, Dic
was shown to induce apoptosis in lung cancer cells via the intrinsic apoptosis pathway and to increase
Ge�tinib sensitivity of EGFR-TKI-resistant PC9 cells through down-regulation of the activation of the c-Met
signaling pathway.

Materials And Methods
Patient specimens

A total of 20 paired NSCLC tissues and their adjacent non-tumor tissues were collected from patients who
underwent curative surgical resection in the department of thoracic surgery, The First People's Hospital of
Yunnan Province. All patients were diagnosed and con�rmed by experienced pathologists, and none of
the patients underwent adjuvant chemotherapy or radiation treatment prior to surgery. This study was
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approved by Ethics Committee of Kunming University of Science and Technology and informed consent
was obtained from all patients.

Antibodies and reagents

Dic was obtained from Chengdu Herbpurify Co., Ltd. (Chengdu, China), and was prepared by dissolving
the compound in ethyl alcohol and diluted in DMSO. All antibodies used in Western blotting or IHC were
shown in Additional �le 1: Table S1. Polyvinylidene �uoride membrane (IPVH00010) was from Millipore
(Merck Millipore Ltd., County Cork, Ireland). Cell Counting Kit-8 (C0039), Apoptosis and Necrosis Assay Kit
(C1056), EdU Cell Proliferation Kit (C0088S) were purchased from Beyotime (Beyotime Biotechnology,
Shanghai, China). TRIzol reagent (180411) was obtained from Ambion (Thermo Fisher Scienti�c, Inc.
Waltham, MA, USA). FastStart Essential DNA Green Master (32597600) was supplied by Roche (Roche
Diagnostics, Shanghai, China). RevertAid™ First Strand cDNA Synthesis Kit (K1622) was obtained from
Thermo (Thermo Scienti�c, Waltham, MA, USA).

Cell lines

A549 (human non-small cell lung adenocarcinoma) cell line was obtained from Kunming Institute of
Zoology, Chinese Academy of Sciences. Human lung carcinoma cell lines H1299 and PC9, liver cancer
cell line HepG2, renal cell carcinoma cell line ACHN and cervical carcinoma cell line HeLa were purchased
from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells mentioned above were
maintained in the RPMI-1640 (Hyclone, USA) supplemented with 10% (vol/vol) fetal bovine serum (FBS)
(Gibco, Invitrogen) and antibiotics (10 mg/mL streptomycin sulfate, and 100 mg/mL penicillin G). To
establish a Ge�tinib-resistant cell line, the PC9 cells were initially exposed to Ge�tinib at 0.2 µM for about
7 days. Then the cells were transferred to and cultured in medium without Ge�tinib for about 14 days.
Following the above steps, the exponential growth cells were harvested and seeded in 96-well microtiter
plates, the concentration of Ge�tinib was increased from 0.2 µM to 5 µM. After about six months, the
Ge�tinib-resistant PC9 cells (PC9-GR) were established.

Bioinformatics analysis

The Gene Expression Pro�ling Interactive Analysis (GEPIA) browser (http://gepia.cancer-pku.cn/) is a
friendly web-based tool to explore customizable functionalities based on the data provided by TCGA
(https://tcga-data.nci.nih.gov/tcga/) and the Genotype-Tissue Expression project (GTEx,
https://www.gtexportal.org/home/index.html). GEPIA was used to identify the transcriptional expression
of c-Met between lung cancer and normal tissues. The prognostic value of c-Met expression in lung
cancer patients was analyzed by using the Kaplan-Meier plotter online database
(http://kmplot.com/analysis/).

CCK-8 cell proliferation assay
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The viability of cancer cells was determined by using the CCK-8 assay according to the manufacturer's
protocol. Cancer cells were seeded in 96-well plates (5 × 103 cells per well) and cultured for 24 h. The cells
were treated with varying concentrations of Dic (0, 50, 100, 200 µM) for 2, 24, 48 and 72 h. Then 10 µL
CCK-8 (Beyotime Biotechnology, Shanghai, China) was added to each well, and incubated at 37 °C for
1.5 h. The absorbance of each well was measured at a wavelength of 450 nm by using a microplate
reader.

EdU cell Proliferation assay

A549 cells cultivated in 96-well plates (5 × 103 cells per well) were treated with different concentrations of
Dic (0, 50, 100, 200 µM) for 24 and 48 h. After the administration of 30 µM 5-ethynyl-2’-deoxyuridine (EdU;
Beyotime Biotechnology, Shanghai, China) to each well, the cells were continually incubated for 2 h at
37 °C. Then the cells were �xed with 4% paraformaldehyde in PBS for 15 min at room temperature. After
the removal of the �xative, A549 cells were washed with PBS and permeabilized with 0.3% Triton X-100
for another 15 min, the cells were incubated with 100 µL 0.3% hydrogen peroxide solution for 20 min.
After washing three times with 3% BSA in PBS, 50 µL Click Reaction Solution was added to each well and
the cells were incubated for 30 min at room temperature. The Click Reaction Solution was discarded and
the washing repeated, 20 µL Streptavidin-HRP was added and incubated for another 30 min. After
washing with 3% BSA in PBS, 100 µL TMB was added to each well and incubated for about 30 min, the
absorbance of each well was measured at 650 nm.

Apoptosis assay

In order to measure cell death and apoptosis, cells were treated with Dic (0, 50, 100, 200 µM) for 24 h and
then collected for Hoechst 33342/propidium iodide (PI) staining with an apoptosis and Necrosis Assay
Kit (Beyotime Biotechnology, Shanghai, China). The stained cells were observed and photographed under
a confocal microscope (Nikon A1, Tokyo, Japan), and the images analyzed using the ImageJ software
program (NIH, Bethesda, MD). The percentage of dead cells was then calculated according to the
following: PI positive cells/total cells × 100.

Plate colony formation assay

For colony formation assays, 500 cells in the logarithmic phase were plated into 12-well plates with Dic
(0, 50, 100, 200 µM) and incubated for 14 days. The cell culture medium was refreshed every three days.
When the cells grew to form visible colonies, the supernatants were discarded and the colonies were �xed
with 4% paraformaldehyde for 30 min, and then washed with PBS and stained with crystal violet for
15 min. Cell colonies were counted under an inverted microscope using the Image-Pro Plus software
(Media Cybernetics, Inc. Rockville, MD). The assays were performed �ve times independently.

Transwell migration and matrigel invasion analysis
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The migration and invasion assay were carried out using the transwell chambers (Corning Costar,
Cambridge, Massachusetts, pore size 8 µm). A549 cells were treated with Dic (0, 50, 100, 200 µM) for
24 h. Cells were then trypsinized, washed, and resuspended in serum-free RPMI-1640. Migration assays
and invasive assays were performed using the uncoated transwell chamber and the chamber coated with
Matrigel (BD Sciences, Franklin Lakes, NJ, USA), respectively. The Matrigel was diluted with DMEM
medium (3:1) and dropped onto the chamber and incubated at 37 °C for 2 h. A total of 100 µL cell
suspension (5 × 105/mL) was inoculated into the upper chamber, the bottom compartment contained 600
µL RPMI-1640 supplemented with 10% FBS to serve as a chemoattractant. After incubation for 36 h,
transwell inserts were washed 3 times with PBS, �xed with 4% paraformaldehyde and stained with 0.1%
crystal violet. The invading cells on the lower surface of the transwell insert were visualized with a light
microscope, and counted in 5 randomly selected visual �elds. The assays were performed �ve times
independently.

Wound healing assay

The effects of Dic on the migratory behavior of lung cancer cells were assayed by means of a wound
healing assay using a culture-insert (ibidi GmbH, Am Klopferspitz 19, Martinsried, Germany) according to
the manufacturer’s instructions. 200 µL cell suspension (1.5 × 105 cells/mL) was applied to the Culture–
Insert of each well and allowed to grow to a con�uent monolayer at 37 °C and 5% CO2 for 24 h. The insert
was gently removed using sterile tweezers, and the cells were washed twice with PBS to remove any
loose cells and fresh medium containing mitomycin was added. A549 cells were treated with Dic (0, 50,
100, 200 µM) and Photographs were taken at 0, 24 and 48 h to assess cell migration into the wound
using a light microscope.

Sphere formation assay

To investigate the effect of Dic on lung cancer stem cells, sphere formation assays were performed.
Approximately 1 × 104 A549 cells were seeded into ultra-low attachment 6-well plates (Corning Inc,
Corning, NY, USA) and cultured in serum-free DMEM/F-12 (1:1 ratio) media supplemented with B27
supplements (Thermo Fisher Scienti�c, Waltham, MA, USA), 20 ng/mL bFGF and 20 ng/ml rhEGF. Cells
received treatment with various concentrations of Dic for 48 h at 72 h after cell seeding. The medium was
exchanged every 3 days. After 2 weeks, cell spheres with diameters ≥ 50 µm were counted using a
microscope.

Cell adhesion assay

A549 cells were treated with Dic (0, 50, 100, 200 µM) for 24 h and were then seeded into 96-well plates
pre-coated with 10 µg/mL �brinogen, 10 µg/mL collagen type IV, and cultured at 37 °C for 30 min. Wells
coated with 100 µg/mL poly-L-lysine were employed as a control condition. Subsequently, the medium
was discarded, and the non-adherent cells were carefully removed by washing the cells three times with
PBS. The attached cells were �xed with 4% paraformaldehyde for 30 min and stained with 0.1% crystal
violet for 20 min at room temperature. Excess crystal violet was washed away using PBS and 100 µL of



Page 8/58

acetic acid was added to each well with gentle shaking for 10 min to dissolve the purple crystals.
Absorbance was measured at 590 nm by a Microplate Reader. The quanti�ed cellular adhesion results
were normalized to control cells and were represented as relative absorbance.

Quantitative real-time PCR analysis

Total RNA was extracted from cells using TRIzol regent. The RNA (5 µg) was then reverse transcribed into
cDNA using Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scienti�c, Waltham, MA, USA)
according to the manufacturer’s protocol. The level of mRNA was measured by real-time PCR using
FastStart Essential DNA Green Master Mix (Roche Diagnostics, Shanghai, China) and was normalized to
GAPDH. The sequences of primers used in the experiment were listed in Additional �le 1: Table S2. The
reaction was performed using the LightCycler® 96. The results of q-PCR were expressed relative to
threshold cycle (CT) values and fold changes were calculated using the 2−ΔΔCT method.

Western blot analysis

Western blotting was used to analyze the protein levels. Cells were collected and lysed with RIPA buffer.
The nuclear protein and cytoplasmic Protein were extracted using the Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime Biotechnology, Shanghai, China). Proteins of cell lysates were quanti�ed by
Enhanced BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China). Equal amounts of cell
lysate were separated on an SDS-PAGE gel and transferred to the PVDF membrane. After being blocked
with 5% non-fat milk, the membranes were probed with primary antibodies overnight at 4 °C. The primary
antibodies were as follows: anti-c-Met, anti-phospho-c-Met, anti-PI3K, anti-phospho-PI3K, anti-AKT, anti-
phospho-AKT, anti-m-TOR, anti-phospho-m-TOR, anti-STAT3, anti-phospho-STAT3, anti-B-Raf, anti-
phospho-B-Raf, anti-ERK, anti-phospho-ERK, anti-GSK-3β, anti-phospho-GSK-3β, anti-β-catenin, anti-c-Myc,
anti-cyclin D1, anti-CDK1, anti-IL-1β, anti-GAPDH, anti-Actin, anti-Tubulin, anti-H2A. The information of
antibodies was listed in Additional �le 1: Table S1. After subsequent washing with TBST, the membranes
were then incubated with corresponding secondary antibodies for 1.5 h at room temperature. Protein
bands were visualized by a chemiluminescence system (GeneGnome, Syngene, UK).

Cellular Thermal Shift Assay (CETSA)

CETSA was performed using cell lysates and intact cells as previously described [6, 7]. For a CETSA in
A549 cell lysates, A549 cells were lysed with lysis buffer (50 mM Tris-HCl pH 7.2, 150 mM NaCl, 1.5 mM
MgCl2, 0.2% NP-40, 5% glycerol, 25 mM NaF and 1 mM Na3VO4) supplemented with 0.1% protease
inhibitor cocktail. The cell suspensions were rapidly frozen and thawed three times using liquid nitrogen,
and incubated on ice for 30 min, the lysates were centrifuged at 20000 × g for 20 min at 4 °C,
supernatants were transferred to new tubes and protein concentrations were measured by BCA Protein
Assay Kit. The cell lysates were diluted with appropriate volume of lysis buffer, and 50 µL of the lysates
at 0.6 mg/mL were incubated with DMSO or Dic at different concentrations for 2 h at room temperature
and then heated individually at different temperature for 3 min in a PCR machine (Applied Biosystems).
The heated lysates were centrifuged to separate the precipitated proteins from the soluble fractions. The



Page 9/58

equal portions of the supernatants were loaded onto SDS-PAGE gels followed by Western blot analysis.
For a CETSA in intact A549 cells, the cells cultured in 12-well plates (3.0 × 105 cells/well) were treated
with different concentrations of Dic for 2 h, the control cells were exposed to an equal volume of DMSO.
After incubation, the cells were washed with PBS and 500 µL of lysis buffer was added to each well, then
the lysates were heated and analyzed by Western blotting as described above.

Drug a�nity responsive target stability (DARTS)

DARTS was used to assess the binding a�nity of Dic to c-Met using protease protection from pronase
digestion (Roche Applied Science, Inc.) as previously described [8]. A549 cells were washed with cold PBS
and lysed using cold M-PER lysis buffer (Thermo Scienti�c, Inc.) supplemented with a protease inhibitor
cocktail and phosphatase inhibitors. The cell lysates were centrifuged at 20000 × g for 10 min at 4 °C,
and the supernatants were diluted with 10 × TNC buffer (500 mM Tris-HCl pH 8.0, 500 mM NaCl and
100 mM CaCl2). The lysates in 1 × TNC buffer were incubated with DMSO or Dic at the indicated
concentrations for 2 h at room temperature. After incubation, each sample was proteolyzed with 1 µg
pronase to every 3000 or 4000 µg of total protein in lysate for 20 min at room temperature. Proteolysis
was stopped by adding 5 × SDS sample loading buffer (250 mM Tris-HCl pH 6.8, 10% SDS, 50% glycerol,
0.5% bromophenol blue and 5% β-mercaptoethanol) and boiling at 100 °C for 5 min. An equal portion of
each sample was loaded onto SDS-PAGE gels and analyzed by Western blotting.

Molecular modeling of Dic with c-Met

The crystal structure of c-Met was obtained from the Protein Data Bank (PDB: 4IWD). AutoDock Tool was
utilized to prepare the input PDBQT �le for c-Met and set the size and the center of the grid box. Hydrogen
atoms were added and all water molecules were removed from the structure of c-Met. The center of the
grid box was set with the dimension (X= -8.833, Y = 12.926, and Z= -16.482) using 0.1 nm spacing and a
box size of 20 × 20 × 20. The three-dimensional structure of Dic was generated using Open Babel
software. Molecular docking of Dic at the active site of c-Met was achieved using AutoDock Vina. The
best pose on the basis of binding a�nity and docking was selected and post-docking results were
analyzed using LigPlot+.

Subcutaneous xenografts in nude mice

All animal experiments were approved by our Institutional Animal Care and Treatment Committee. Four to
�ve weeks-old female BALB/c nude mice were purchased from Shanghai Lingchang Biotechnology Co.,
Ltd. (Shanghai, China) and maintained under speci�c pathogen-free conditions with controlled light and
humidity, receiving food and water ad libitum. Before inoculating into mice, A549 cells were washed twice
and counted, approximately 5 × 106 cells suspended in 100 µL PBS/animal were inoculated
subcutaneously into the right armpits of mice. The mice were randomly assigned into 2 groups, an
experimental group and a control group, each of 6 mice. Treatment with Dic began 9 days after
inoculation of the cells when the tumors reached a volume of 100–150 mm3. The experimental group
was treated with i.p. injections of Dic (50 mg/kg body weight) for the next 15 days, while the control
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group received an equal volume of vehicle. All mice were weighted daily during the treatment time, and
tumor volume was calculated using the following formula: 0.5 × length × (width)2. One day after the last
treatment mice were sacri�ced, and then the tumors were dissected, weighed and subjected to
hematoxylin-eosin (HE) staining combined with immunohistochemistry (IHC) analysis.

Hematoxylin-eosin, immunohistochemistry and �uorescence staining

Solid tumors from control and treatment groups were �xed with 4% paraformaldehyde and embed in
para�n for H&E staining and IHC. Tissue sections were depara�nized in xylene, dehydrated in graded
ethanols and �nally hydrated in distilled water, the sections were then counterstained with HE. For IHC,
epitope retrieval was performed by directly boiling the slides in 10 mM sodium citrate (pH 6.0) for 30 min,
immunohistochemistry was performed according to the manufacturer’s guidelines and
recommendations. Brie�y, the sections were treated with 3% hydrogen peroxide for 10 min to quench
endogenous peroxidase and non-speci�c binding was blocked with 5% normal goat serum/TBST (Cell
Signaling Technology, Cambridge, USA #5425). The slides were incubated overnight at 4ºC with anti-Ki67
antibody (rabbit polyclonal antibody, diluted 1:200, Merck-Millipore, Darmstadt, Germany #AB9260). After
incubation, the tissues were incubated with Signalstain Boost IHC detection reagent (HRP, rabbit, Cell
Signaling Technology, Cambridge, USA #8114) for 30 min at room temperature and detected with the
Signalstain DAB substrate kit (Cell Signaling Technology, Cambridge, USA #8059), followed by
counterstaining with hematoxylin. Apoptotic cells in tumors were detected using a terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay according to the manufacturer's
protocol (KeyGEN BioTECH, Nanjing, China #KGA700). Images were taken using an Olympus microscope
and quanti�ed by the image analyzer ImageJ.

Statistical analysis

All quantitative Data were presented as the mean ± standard deviation (SD). Statistically signi�cant
differences were obtained using an unpaired two-tailed student’s t-test or by one-way ANOVA. A P value of
less than 0.05 was considered statistically signi�cant.

Results
Dic inhibits the proliferation of cancer cells expressing c-Met and attenuates HGF-activated proliferative
response in A549 cells

Dic is a 4-methoxyfuro (2,3-b) quinolin compound (Fig. 1a). c-Met, the only known high-a�nity receptor
for hepatocyte growth factor (HGF), is usually overexpressed, highly activated, and sometimes mutated in
NSCLC tissues [9]. Bioinformatics analysis also indicated that c-Met expression in both lung
adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) from TCGA database was
signi�cantly higher than that in normal tissues (Fig. 1b). The high expression of c-Met in lung cancer
tissues was further con�rmed by Western blotting and qRT-PCR analysis (Supplementary Fig. 2). Survival
analysis showed that patients with high c-Met expression had a poor overall survival rate (Fig. 1c). To
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determine the speci�c inhibitory effect of Dic on c-Met-dependent proliferation of cancer cells, various
types of cancer cells with c-Met overexpression were treated with different concentrations of Dic, and the
c-Met low-expressing cell line HEK293 was used as control. As shown in Fig. 1d, Dic signi�cantly inhibited
the proliferation of A549 and H1299 human non-small-cell lung cancer cells, HeLa cervical cancer cells,
HepG2 liver cancer cells, as well as ACHN renal carcinomal cells in a dose- and time-dependent manner,
while having no obvious effect on the proliferation of HEK293 cells. The inhibitory effect of Dic on A549
cell proliferation was further con�rmed by EdU assay (Fig. 1e). Furthermore, when A549 cells were serum-
starved overnight and treated with HGF (100 ng/mL) or Dic (100 µM) for 24 h, or treated with indicated
concentrations of Dic for 24 h in the presence of HGF (100 ng/mL), cells stimulated with HGF alone
exhibited greater proliferative response than did cells from control group, and whilst treatment with Dic
resulted in a concentration-dependent inhibition of proliferative response induced by HGF in A549 cells
(Fig. 1f).

Additionally, we successfully established a ge�tinib-resistant NSCLC cell line PC9GR from the ge�tinib-
sensitive PC9 cell line after approximately six months of ge�tinib treatment (Supplementary Fig. 2A).
Then the combined effects of Dic and ge�tinib on proliferation inhibition were measured by CCK8. As
shown in Supplementary Fig. 2B, the combination of ge�tinib (1 µM) and Dic (50, 100 and 200 µM)
achieved a synergistic effect on proliferation inhibition in PC9GR cells and resulted in signi�cantly higher
inhibition of cell growth relative to single-ge�tinib treatment over 72 h. EdU assay showed that single-Dic
treatment was as effective as the combination of Dic and ge�tinib as far as proliferation inhibition of
PC9GR was considered (Supplementary Fig. 2C).

Dic suppresses A549 cell clonogenicity, invasiveness and migration

We assessed the effects of Dic on the multiple properties linked to lung cancer metastasis. As shown in
Fig. 2a, Dic exhibited a strong inhibition of colony formation in a dose-dependent manner in A549 lung
cancer cells which were cultured at low density and allowed to grow and form colonies over a two-week
period. Furthermore, Dic showed an equivalent e�cacy to that of a combined treatment with ge�tinib and
Dic in inhibiting the colony formation of PC9GR cells (Supplementary Fig. 3A). The potential effect of Dic
on A549 cell invasion and migration was tested and results from the transwell assay and matrigel
transwell assay indicated that Dic could potently inhibit A549 cell migration and invasion, respectively
(Fig. 2b). Additionally, a single dose Dic (100 µM) was as effective as a combination treatment with Dic
and ge�tinib in blocking the migration of PC9GR cells (Supplementary Fig. 3B). Performing a scratch
wound-healing assay, we further con�rmed that treatment with Dic dose-dependently inhibited wound
closure in A549 cells (Fig. 2c). Together, these results demonstrate that Dic inhibits in vitro the colony
formation, migration and invasion of A549 cells.

Validation of c-Met as a protein target of Dic

The cellular thermal shift assay (CETSA) is a newly-developed fast method to assess the binding a�nity
of drugs to targeted proteins in cells, and it is based on thermal stabilization of target proteins after
binding by their ligands [6]. To identify whether Dic directly binds to c-Met, CETSA was employed to
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validate the binding of Dic to c-Met in A549 cell lysates. As shown in Fig. 3a, Dic treatment signi�cantly
enhanced the thermal stability of c-Met in the supernatant fraction. Next, to test whether Dic binds to c-
Met in intact A549 cells, A549 cells treated with Dic or DMSO were collected, lysed and heated. In
comparison with the control groups, Dic incubation resulted in a markedly increased thermal stability of
c-Met at different temperatures (Fig. 3b) in a dose-dependent manner (Fig. 3c). Moreover, to investigate
the incubation time effects, we treated A549 cells with Dic for the indicated time periods, while the
concentration of Dic, time of heating and temperature were kept constant. A time-course experiment
indicated that after 2 to 3 hours, c-Met was saturated with Dic (Fig. 3d). In brief, the enhanced thermal
stability of c-Met after treatment with Dic suggests an interaction between Dic and c-Met.

Additionally, the binding of a drug to its target protein can induce conformational changes which increase
proteolytic stability of the target protein by decreasing its protease sensitivity. Therefore, we performed a
drug a�nity response target stability (DARTS) assay to test whether Dic directly binds to and stabilizes c-
Met. As shown in Fig. 3e-f, the pre-incubation of Dic with A549 cell lysate effectively protected c-Met from
digestion, even at pronase to protein ratios of 1:4000 and 1:3000. In addition, Dic stabilized c-Met in a
dose-dependent manner as shown by an increase in the abundance of c-Met bands. Particularly, 100 and
200 µM of Dic noticeably protected c-Met from digestion in comparison with vehicle control. Furthermore,
we also analyzed the binding sites for Dic in c-Met with a molecular docking study. Using the �nal
computational docking model, we found that there were several hydrogen bonds formed between Dic and
c-Met (Fig. 3g). In short, these data demonstrate that Dic potently and selectively binds to c-Met.

Inhibitory effects of Dic on c-Met signaling pathway

c-Met has been reported to control a wide variety of cellular processes including proliferation,
differentiation and survival by regulating the PI3K/Akt/mTOR and MAPK signaling pathways. To evaluate
the speci�c inhibitory effect of Dic on c-Met and elucidate the mechanisms responsible for the inhibitory
effect of Dic on cancer cells with c-Met overexpression, we tested the in�uence of Dic treatment on the
phosphorylation levels of major components of PI3K/Akt/mTOR and MAPK pathways, and also observed
the in�uence of Dic on the activity or expression level of major downstream substrates and transcription
factors regulated by these two pathways.

As shown in Fig. 4a, the tyrosine phosphorylation of c-Met in a control culture of A549 cells was
obviously detectable, whereas c-Met phosphorylation was markedly suppressed in the cells treated with
Dic in a dose-dependent manner. When A549 cells were treated with various concentrations of Dic for
36 h, the phosphorylation of B-Raf, C-Raf and ERK, recognized as the core components of MAPK
signaling pathway (Fig. 4b), the phosphorylation of PI3K, Akt and mTOR, and the phosphorylation of
transcription factor signal transducer and activator of transcription 3 (STAT3) regulated by MAPK and
PI3K/Akt/mTOR pathway were signi�cantly decreased in comparison with the controls (Fig. 4c).

Furthermore, when A549 cells were treated with indicated concentrations of Dic in serum-free medium for
24 h, following stimulation with or without 100 ng/mL HGF for 5 min, we found that cells stimulated with
HGF alone exhibited higher phosphorylation levels of c-Met, PI3K, Akt, mTOR and GSK3β than cells from
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control group. Treatment with Dic led to a concentration-dependent inhibition of c-Met, PI3K, Akt, mTOR
and GSK3β phosphorylation in response to HGF in A549 cells (Fig. 4d). GSK3β is a major substrate of Akt
which inhibits GSK3β activity by phosphorylating its N-terminal serine to form an autoinhibitory
pseudosubstrate domain [10]. Additionally, GSK3β plays an important role in the cross-talk between
PI3K/Akt/mTOR and Wnt/β-catenin signaling pathways [11].

Among the many well-known transcription factors regulated by PI3K/Akt and MAPK pathways are β-
catenin, cyclin-D1, c-Myc, NF-κB and STAT3 [12–17]. Therefore, we assessed the effects of Dic on the
activity of downstream transcription factors of PI3K/Akt and MAPK pathways to further understand the
mechanisms by which Dic inhibits the proliferation of lung cancer cells. As shown in Supplementary
Fig. 4A, Dic strongly inhibited the expression of β-catenin, cyclin-D1, CDK1 and c-Myc as well as the
phosphorylation of GSK3β. Notably, Dic treatment essentially inhibited the nuclear translocation of β-
catenin, STAT3, p-STAT3 and NF-κB in a dose-dependent manner (Supplementary Fig. 4B-C).

Furthermore, the expression levels of c-Met, Akt, ERK and GSK3β in PC9GR cells were found to be higher
than those in PC9 cells (Supplementary Fig. 5A). Unlike that in parental PC9 cells, the phosphorylation of
Akt and ERK in the PC9GR cells was maintained in the presence of ge�tinib (Supplementary Fig. 5B),
while the combination of ge�tinib and Dic achieved a synergistic effect on the phosphorylation inhibition
of c-Met, Akt, ERK and GSK3β in PC9GR cells (Supplementary Fig. 6A), as well as the inhibition of their
phosphorylation response to HGF in PC9GR cells (Supplementary Fig. 6B).

Dic induces intrinsic apoptosis by activating caspase-7 and regulating the expression of pro- and anti-
apoptotic proteins

Since decreased PI3K/Akt and MAPK signaling pathways have been reported to cause apoptosis [18], we
sought to test whether the retardation of cell proliferation in response to Dic treatment re�ected cell
apoptosis, and so we analyzed cell apoptosis in response to various Dic concentrations (0, 50, 100 and
200 µM) for 24 h. Dual Hoechst 33342/PI staining showed that Dic promoted the apoptosis of A549 cells
in a dose-dependent manner (Fig. 5a). Next, we assessed the mRNA expression of Bax, Bid and Bcl-2 in
A549 cells by qRT-PCR analysis. The results revealed that Dic signi�cantly upregulated the mRNA
expression of pro-apoptotic proteins Bax and Bid and downregulated the mRNA expression of anti-
apoptotic protein Bcl-2 in a dose-dependent manner (Fig. 5b). In addition, combined treatment with
ge�tinib and Dic had a synergistic promotional effect on the mRNA expression of Bax in PC9GR cells, and
Dic alone exhibited an equivalent e�cacy of both drugs in inhibiting Bcl-2 mRNA expression
(Supplementary Fig. 7).

Furthermore, Dic induced dose-dependent upregulation of p53, p53 upregulated modulator of apoptosis
(PUMA), Bax, cleaved-caspase-7, IL-1β and c-Jun expression, and downregulation of Bcl-2, and IL-6
expression. This is consistent with the pro-apoptotic functions of p53, PUMA, Bax, cleaved-caspase-7, IL-
1β and c-Jun being activated and the anti-apoptotic functions of Bcl-2 and IL-6 being suppressed upon
exposure to environment stress, whereas Dic had no detectable effect on the expression of c-Fos (Fig. 5c-
d).
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Dic inhibits the stemness, adhesive ability and MMP2/MMP9 expression of A549 cells

Lung cancer cell populations are highly heterogeneous and contain cancer stem-like cells which facilitate
therapeutic resistance and tumor recurrence [19]. We next investigated the effect of Dic on the stemness
of A549 cells via sphere formation assays. Signi�cantly decreased sphere diameter as well as sphere
numbers under all tested concentrations was observed in the Dic treated groups in comparison with
controls (Fig. 6a). Additionally, Dic substantially inhibited the expression of CD44 which has been
recognized as a cell surface marker for stem cells. Thus, Dic treatment reduces the population of lung
cancer cells with typical cancer stem-like phenotype.

Since cell-extracellular matrix (ECM) adhesion is required for the migration and spreading of cancer cells,
we assessed the effect of Dic on the ability of A549 cells to adhere to collagen and �brinogen. Results
showed that Dic markedly inhibited the adhesion of A549 cells to collagen and �brinogen in a dose-
dependent manner (Fig. 6b).

Furthermore, as an important downstream effector of the c-Met signaling pathway, the focal adhesion
kinase (FAK) plays a critical role in regulating cell adhesion and the expression of matrix
metalloproteinase-2 (MMP-2)/MMP-9 to promote the migration and invasion of cancer cells [20, 21]. As
shown in Fig. 6c, Dic e�ciently inhibited the phosphorylation of FAK at Tyr-397 and Ser-722 to suppress
its activity, whereas Dic had no obvious effect on FAK protein expression. Additionally, Dic strongly
counteracted HGF-induced MMP2/MMP9 expression in A549 cells (Fig. 6d). Taken together, these results
suggest that the anti-metastatic effect of Dic is related, at least in part, to the inhibition of stemness and
FAK activation.

Dic inhibits epithelial-mesenchymal transition (EMT) in A549 cells

It is well known that EMT plays an important role in cancer progression, and is associated with the
enhanced cellular migration and a stem-like phenotype, so we further observed the anti-EMT activity of
Dic in A549 cells by detecting the expression levels of the epithelial marker E-Cadherin and mesenchymal
markers N-Cadherin and Vimentin. During EMT, the expression of epithelial marker E-Cadherin is
suppressed, while the expression of mesenchymal markers N-Cadherin and Vimentin is upregulated [22].
As shown in Fig. 7a, quantitative PCR revealed that Dic signi�cantly inhibited the mRNA expression levels
of N-Cadherin and Vimentin, while E-Cadherin mRNA expression was stimulated by Dic. Similar results
were also observed when TGF-β was used to induced EMT (Fig. 7b).

As shown in Fig. 7c, a more epithelial-like phenotype was acquired by A549 cells with the increasing Dic
concentration, Dic treatment resulted in the upregulation of epithelial-like marker E-Cadherin as well as
the downregulation of mesenchymal-like markers N-Cadherin and Vimentin. Moreover, when TGF-β was
used to stimulate the EMT process, we found that Dic abolished TGF-β-induced E-Cadherin suppression
and the expression of N-Cadherin and Vimentin (Fig. 7d). These results indicate that Dic e�ciently
inhibits EMT phenotypes.
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Suppression of xenograft tumor growth by Dic administration

To further investigate the anti-tumorigenic potential of Dic, an A549 lung cancer xenograft model was
employed to evaluate the inhibitory e�ciency of Dic in vivo. A549 cells were injected subcutaneously into
the right armpit of nude mice (n = 12), when the tumor volume reached 100–150 mm3, the tumor-bearing
mice were randomly divided into two groups (groups Dic and vehicle) with six mice per group. The Dic-
treated group received an intraperitoneal injection of Dic (50 mg/kg) once a day for 15 consecutive days.
As shown in Fig. 8a-b, Dic signi�cantly inhibited A549 cell growth when compared with that of the control
group in vivo. Consistently, tumor volume increased rapidly in the control group compared with the
treatment group (Fig. 8c). Additionally, treatment with Dic was well tolerated without notably body weight
loss (Fig. 8d). H&E (Haemotoxylin and Eosin) staining results indicated that tumor cells in the control
group were dense and uniform, and the cell nucleus was intensely stained, while nuclear pyknosis,
fragmentation and broad dissolved necrotic area were observed in Dic-treated group (Fig. 8e). We then
examined the effects of Dic on the Ki67 tumor proliferation marker by using immunohistochemistry. The
expression of Ki67 was signi�cantly decreased by treatment with Dic (Fig. 8e-f). To con�rm the
apoptosis-inducing effect of Dic in vivo, TUNEL staining was used in xenograft tumor tissue, a
signi�cantly higher number of TUNEL-positive cells was observed in Dic-treated group than in the control
group (Fig. 8e-g).

Discussion
c-Met is a receptor tyrosine kinase (RTK) whose only known natural ligand is HGF. HGF binding promotes
the dimerization of c-Met and activates signaling pathways including PI3K/Akt/mTOR, MAPK [2, 23], the
GSK3/β-catenin pathways, and enhances the expression of transcription factors such as STAT3 [24, 25],
NF-κB [26], c-Myc [27] and cyclin D1 [28]. Normal c-Met signaling plays a critical role in embryogenesis,
liver generation [29] and wound healing [30] by regulating cell proliferation and differentiation. As a proto-
oncogene, aberrant HGF/c-Met activation has been closely linked to the initiation and metastasis of
various types of human cancers [23, 31–33], especially NSCLC [2, 34], through the regulation multiple
biological processes such as tumor proliferation, metastasis, survival and EMT [23]. Aberrantly activated
c-Met signaling can arise from the mutation of c-Met, ampli�cation of MET, or c-Met overexpression due
to increased HGF level [23] which also mediates the acquired resistance of EGFR-TKIs such ge�tinib in
NSCLC. Additionally, c-Met overexpression is observed in 61% of NSCLCs and is positively correlated with
advanced stage, poor prognosis and poor survival in NSCLC [35].

Since c-Met is overexpressed in a wide range of tumors and is emerging as an important target for cancer
therapy, a number of small molecule c-Met inhibitors have been developed over the past few decades.
Two multi-target c-Met inhibitors, Crizotinib and Cabozantinib, have been approved by the U.S. Food and
Drug Administration (FDA) for the treatment of locally advanced or metastatic NSCLC patients and
patients with advanced renal cell carcinoma or hepatocellular carcinoma, respectively. However, most c-
Met inhibitors currently being developed are multi-target inhibitors which may lead to unwanted side
effects. Although monoclonal antibodies speci�cally target c-Met or HGF, they still face the same
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common disadvantages as other large biological molecules [2]. Thus, great efforts should be dedicated
towards developing selective c-Met TKIs.

Dic, a naturally occurring furoquinoline alkaloid, has been reported to possess a wide range of bene�cial
pharmacological activities including anticancer activity against multiple tumor types. Dic has shown
potent proliferation-inhibition and apoptosis-induced activities in various human cancer-derived cell lines
such as cervix, colon and breast cancer cells [4]. Recently, Dic was reported to induce cell cycle arrest at
low concentration and apoptosis at high concentration in lung cancer cells by mitochondria and caspase-
3-independent mechanisms [5]. In addition, Dic was shown to inhibit the proliferation of colorectal
carcinoma HCT 116 cell and promote HCT 116 apoptosis by downregulating hypoxia inducible factor-1α
(HIF-1α) and slug [36]. However, the detailed molecular mechanisms and the direct target by which Dic
inhibits cancer cell proliferation and induces cancer cell apoptosis are still unclear.

In the present study, expectedly, Dic potently inhibited the proliferation of various types of cancer cell lines
including A549, H1299, HepG2, ACHN and HeLa. All these cells possess a shared characteristic in that
they display a strong c-Met expression [37–39], notably Dic showed no signi�cant effect on the
proliferation of HEK293 cells which have undetectable expression of c-Met. Next, we demonstrated that
Dic is a novel inhibitor of c-Met based on the following evidence: (a) Dic blocked HGF-induced c-Met
phosphorylation; (b) Dic inhibited HGF-induced A549 cell proliferation and the activation of c-Met
signaling pathway; (c) CETSA, DARTS and molecular docking indicated that Dic directly interacted with c-
Met.

Consistently with previous reports, we found that there is a higher expression of c-Met in both lung
adenocarcinoma and squamous cell carcinoma of lung compared with normal tissue as determined by
bioinformatics analysis, Western blotting and qRT-PCR. In addition to proliferation inhibition, we also
found that Dic treatment signi�cantly inhibited the colony formation, migration, invasion, stemness,
adhesive ability, EMT and in vivo xenograft tumor growth of A549 lung cancer cells. When exploring the
mechanisms involved in Dic’s effect on A549 cells, the results demonstrated that Dic markedly
suppressed the activation of PI3K/AkT/mTOR and MAPK signaling pathways, inhibited the expression of
transcription factors including β-catenin, cyclin D1, c-Myc and STAT3 phosphorylation, and prevented the
nuclear translocation of β-catenin, p-STAT3, STAT3 and NF-κB. Additionally, Dic was shown to promote
the apoptosis of A549 cells via intrinsic apoptosis pathways. Notably, the combination of Dic and
ge�tinib synergistically inhibited the cell proliferation, induced apoptosis, and suppressed the
PI3K/Akt/mTOR and MAPK signaling pathways in PC9GR cells.

It is well known that PI3K/Akt/ mTOR and MAPK signaling pathways are the two key pathways in c-Met-
mediated signal transduction [2, 23]. Abnormal c-Met signaling promotes the development and
metastasis of NSCLC, and is associated with initial resistance and acquired resistance to EGFR-TKIs in
patients with NSCLC [40–42]. Our results demonstrated that Dic treatment inhibited the phosphorylation
of the key components of PI3K/Akt/mTOR pathway including PI3K, Akt and mTOR in the presence or
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absence of HGF, and also inhibited the phosphorylation of the key components of MAPK pathway
including B-Raf, C-Raf and ERK1/2.

STAT3 is an important transcription factor, its persistent phosphorylation has been demonstrated in 22%
~ 65% of NSCLC. STAT3 can be activated by receptor tyrosine kinases such as c-Met in a Janus family
kinase-mediated way [25, 43]. NF-κB is an ubiquitously expressed transcription factor and a key player in
cancer initiation and progression by promoting proliferation of cancer cells and inhibiting cancer cells
apoptosis [44]. Recently, it was found that c-Met can activate PI3K/Akt signaling pathway, leading to
downstream activation of NF-κB to promote tumor metastasis [26]. c-Myc, one of the critical transcription
factors, has been shown to be implicated in promoting the metastasis of many cancers, mainly through
enhancing tumor growth and cancer cell survival [45]. c-Myc was found to function as the downstream
effector of c-Met to drive cell growth in NSCLC and gastric cancer cells [27]. Cyclin D1 is an important cell
cycle regulator and has been proved to be a mediator of c-Met-induced hepatocarcinogenesis [28]. It is
noteworthy that both c-Myc and cyclin D1 are considered to be the major downstream target of β-catenin
[46, 47].

Furthermore, the c-Met signaling pathway is closely related to the Wnt/GSK3/β-catenin pathway and
prevents the phosphorylation of β-catenin by GSK3, and this, in turn, promotes the nuclear translocation
of β-catenin and enhance its transcriptional activity, facilitating tumorigenesis [48–50]. The
phosphorylation level of GSK3β, β-catenin expression and its translocation from cytoplasm to nucleus
were signi�cantly inhibited in A549 cells after treatment with Dic.

β-catenin is the key component in the canonical Wnt pathway. When cells are not stimulated with Wnt
ligand, β-catenin is maintained at low level due to phosphorylation by GSK, resulting in the ubiquitination
and degradation of β-catenin. GSK is one of the �rst identi�ed substrates of Akt kinase. GSK-activity is
inhibited after phosphorylation by Akt due to the formation of an autoinhibitory pseudosubstrate domain
in the N-terminus of GSK. Interestingly, Akt phosphorylates GSK and inhibits its activity, while the
phosphorylation of β-catenin, as a GSK substrate, is not affected by changes of Akt activity [51, 52].
Presently, it is known that β-catenin is phosphorylated by GSK inside the β-catenin destruction complex,
and ubiquinated and degraded via the proteasome [53]. In fact, only a very small portion of GSK and β-
catenin is involved in the formation of β-catenin destruction complex. More importantly, phosphorylated
GSK in this complex still has the ability to phosphorylate β-catenin [10, 53]. Thus, it is necessary to be
very careful when interpreting the relationship between GSK phosphorylation level and the level of β-
catenin. In this study, Dic not only inhibited GSK phosphorylation and downregulated the level of β-
catenin, but also suppressed the nuclear translocation of β-catenin.

In conclusion, our results show that Dic directly binds to c-Met and inhibits its phosphorylation, which
leads to the suppression of lung cancer growth in vitro and in vivo by the downregulation of
PI3K/Akt/mTOR and MAPK signaling pathways (Fig. 8h). Notably, Dic and ge�tinib exhibit synergistic
effects on EGFR-TKI-resistant lung cancer cells. These �ndings together suggest the potential use of Dic
as a new therapeutic agent in the therapy of lung cancer or other cancers with overactive c-Met pathway.



Page 18/58

Conclusions
Dic has been reported to possess various pharmacological properties. However, the anticancer activity of
Dic and its mechanisms against lung cancer have not been characterized. In the current study, Dic was
identi�ed as a novel c-Met inhibitor that exhibits anticancer properties in vitro and in vivo by
downregulating the PI3K/Akt/mTOR and MAPK signaling pathways. Therefore, our �ndings suggest the
potential use of Dic as a new therapeutic agent in the treatment of lung cancer or other cancers with
overactive c-Met pathway.
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Figures

Figure 1

Dic inhibits the proliferation of cancer cells with c-Met over-expression. a Chemical structure of Dic. b
Bioinformatics analysis of c-Met mRNA expression levels in LUAD, LUSC and normal lung tissues from
the TCGA dataset. c The prognostic value of c-Met was evaluated in the TCGA cohort. d Various types of
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cancer cells (A549, H1299, HeLa, HepG2 and ACHN) with c-Met over-expression or c-Met low-expressing
HEK293 cells used as control were treated with different concentrations of Dic for the indicated times,
following which cell proliferation was analyzed using the CCK8 assay (n=6). e EdU incorporation assays
were applied to examine the EdU positive A549 cells after treatment with Dic for 24 or 48 h. f The effect
of Dic on HGF-activated proliferation response in A549 cells was evaluated by CCK-8 assay. Data were
expressed as the mean ± S.D. from three independent experiments. The signi�cance was determined by
one-way ANOVA with Dunnett's test and *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 for the
designated treatment versus the control.
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following which cell proliferation was analyzed using the CCK8 assay (n=6). e EdU incorporation assays
were applied to examine the EdU positive A549 cells after treatment with Dic for 24 or 48 h. f The effect
of Dic on HGF-activated proliferation response in A549 cells was evaluated by CCK-8 assay. Data were
expressed as the mean ± S.D. from three independent experiments. The signi�cance was determined by
one-way ANOVA with Dunnett's test and *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 for the
designated treatment versus the control.

Figure 2
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Dic suppresses A549 cell clonogenicity, invasiveness and migration. a Effect of Dic on the colony
formation of A549 cells. Cells were treated with Dic and incubated for 2 weeks, colony numbers were
counted using a microscope and the Image-Pro plus software program. The effect of Dic on A549 cell
migration and invasion were tested by using scratch wound-healing assay (c)/transwell assay (b, upper
panel) and matrigel transwell assay (b, lower panel), respectively. Scale bar = 80 μm. Data shown as the
mean ± S.D. For each assay, n = 5, the signi�cance was determined by one-way ANOVA with Dunnett's
test and **p < 0.01 and ***p < 0.001 compared with the controls.
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mean ± S.D. For each assay, n = 5, the signi�cance was determined by one-way ANOVA with Dunnett's
test and **p < 0.01 and ***p < 0.001 compared with the controls.

Figure 3

Validation of c-Met as a target protein of Dic by CETSA, DARTS and molecular docking. a and b CETSA
was performed on A549 cell lysates (a) and intact A549 cells (b) treated with the same concentration of
Dic and heated to different temperatures. c For cell-based CETSA at different concentrations of Dic, A549
cells were treated with different concentrations of Dic for 2 h and then collected and lysed. The
abundance of c-Met in the soluble fraction of cell lysates at different concentrations of Dic and different
temperatures were analyzed. d Time course for CETSA in intact A549 cells. A549 cells incubated with 100
μM of Dic for the indicated time periods were heated at 52 °C for 3 min. The presence of c-Met in the
soluble fraction of the cell lysates at different incubation periods was analyzed. The band intensity of c-
Met and GAPDH was quanti�ed by ImageJ software, the abundance of c-Met normalized to GAPDH is
presented. All data represent the mean ± S.D. of three experiments, *p < 0.05, **p < 0.01, ***p < 0.001 and
****p < 0.0001 were calculated based on comparison with the control (one-way ANOVA with Dunnett's
test). e and f The DARTS assay was used to evaluate Dic’s ability to bind to and stabilize c-Met. A549 cell
lysates were incubated with Dic or vehicle at indicated concentrations for 2 h at room temperature,
followed by digestion with pronase (pronase to protein ratio, 1:3000 or 1:4000) for 20 min at room
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temperature and analysis by Western blotting. The results shown are representative of three independent
experiments, GAPDH expression was used as the loading control. g Structural modelling of the Dic and c-
Met interaction. The c-Met structure is shown as a ribbon representation and Dic is shown in stick form,
the hydrogen bonds that formed between c-Met and Dic are shown as dotted lines.
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lysates were incubated with Dic or vehicle at indicated concentrations for 2 h at room temperature,
followed by digestion with pronase (pronase to protein ratio, 1:3000 or 1:4000) for 20 min at room
temperature and analysis by Western blotting. The results shown are representative of three independent
experiments, GAPDH expression was used as the loading control. g Structural modelling of the Dic and c-
Met interaction. The c-Met structure is shown as a ribbon representation and Dic is shown in stick form,
the hydrogen bonds that formed between c-Met and Dic are shown as dotted lines.
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****p < 0.0001 were calculated based on comparison with the control (one-way ANOVA with Dunnett's
test). e and f The DARTS assay was used to evaluate Dic’s ability to bind to and stabilize c-Met. A549 cell
lysates were incubated with Dic or vehicle at indicated concentrations for 2 h at room temperature,
followed by digestion with pronase (pronase to protein ratio, 1:3000 or 1:4000) for 20 min at room
temperature and analysis by Western blotting. The results shown are representative of three independent
experiments, GAPDH expression was used as the loading control. g Structural modelling of the Dic and c-
Met interaction. The c-Met structure is shown as a ribbon representation and Dic is shown in stick form,
the hydrogen bonds that formed between c-Met and Dic are shown as dotted lines.
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Figure 4

Dic is a potent c-Met inhibitor and suppresses the c-Met signaling pathway. a The effect of Dic on the
phosphorylation level of c-Met in A549 cells. Cells were treated with various concentrations of Dic for 36
h and analyzed by Western blotting. Each bar represents the mean ± S.D. of three experiments, **p < 0.01
and ****p < 0.0001 were calculated based on comparison with the control (one-way ANOVA with
Dunnett's test). The effect of Dic on the inhibition of various MAPK (b) and PI3K/Akt/mTOR (c) signaling
pathway components, cells were treated as described in (a). d Dic inhibited HGF-induced activation of c-
Met signaling pathways in A549 cells. A549 cells were treated with the indicated concentrations of Dic for
24 h in the absence of fetal bovine serum following stimulation with or without 100 ng/mL HGF for 5 min
and indicated proteins were analyzed by Western blotting. The results shown are representative of three
independent experiments, GAPDH expression was used as the loading control.
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pathway components, cells were treated as described in (a). d Dic inhibited HGF-induced activation of c-
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Figure 5

Dic induces intrinsic apoptosis in A549 cells. a A549 cells were exposed to different concentrations of Dic
for 24 h and cell mortality was quanti�ed by PI/Hoechst 33342 staining. Scale bar = 80 μm. b The effect
of Dic on the mRNA expression levels of Bax, Bid and Bcl-2 was determined by qRT-PCR normalized with
GAPDH. All data are expressed as the mean ± S.D. of three experiments, *p < 0.05, **p < 0.01, ***p < 0.001
and ****p < 0.001 were calculated based on comparison with the control (one-way ANOVA with Dunnett's
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test). The effect of Dic on the expression levels of pro-apoptotic proteins p53, PUMA, Bax, cleaved-
caspase-7, IL-1β, c-Jun, c-Fos (c) and anti-apoptotic proteins Bcl-2 and IL-6 (d) were determined by
Western blotting. For b-d, cells were treated as described in (a). For c-d, similar results were obtained from
three independent experiments, tubulin or β-actin expression was used as the loading control.

Figure 5
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test). The effect of Dic on the expression levels of pro-apoptotic proteins p53, PUMA, Bax, cleaved-
caspase-7, IL-1β, c-Jun, c-Fos (c) and anti-apoptotic proteins Bcl-2 and IL-6 (d) were determined by
Western blotting. For b-d, cells were treated as described in (a). For c-d, similar results were obtained from
three independent experiments, tubulin or β-actin expression was used as the loading control.

Figure 6
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Dic inhibits the stemness, adhesive ability and MMP2/MMP9 expression of A549 cells. a After treatment
with various concentrations of Dic for 48 h, A549 cells were subjected to the tumor sphere-forming assay.
Scale bar = 200 μm. Data are mean ± S.D. (n=3). Statistical signi�cance was determined by a one-way
ANOVA with Dunnett’s test: ***p < 0.001 and ****p < 0.0001. Expression of CD44 in A549 cells exposed to
the indicated concentrations of Dic for 24 h was determined by Western blotting. b A549 cells treated with
the indicated concentrations of Dic for 24 h were seeded into 96-well plates pre-coated with different ECM
proteins (10 μg/mL collagen and 10 μg/mL �brinogen). Wells coated with 100 μg/mL poly-L-lysine were
employed as a control condition. The attached cells were �xed and stained with 0.1% crystal violet.
Absorbance of dye was measured at 590 nm by using a microplate reader. Each bar represented as the
mean ± S.D. (n = 4), and was expressed as a percentage of the control. *p < 0.05, **p < 0.01 and ***p <
0.001 compared with untreated group. c A549 cells were treated with various concentrations of Dic for 6
h, the phosphorylation levels of FAK at Tyr-397 and Ser-722 were measured by Western blotting. d The
effect of Dic on the HGF-induced MMP2/MMP9 expression. Cells were treated with different
concentrations of Dic in the presence of 100 ng/ml HGF for 24 h. MMP2/MMP9 protein expression was
determined by Western blotting. For C-D, the results shown are representative of three independent
experiments, GAPDH expression was used as the loading control.
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Figure 7

Dic inhibits EMT in A549 cells. A549 cells were treated with different concentrations of Dic in the absence
(a) or presence (b) of TGF-β (3 ng/mL) for 72 h. The mRNA expression levels of N-Cadherin, Vimentin and
E-Cadherin were quanti�ed by qRT-PCR normalized with GAPDH. The data were represented as the mean
± S.D. of three experiments. **p < 0.01 and ***p < 0.001 compared with the control group or the TGF-β-
treated group. A549 cells were treated with different concentrations of Dic in the absence (c) or presence



Page 50/58

(d) of TGF-β (3 ng/mL) for 72 h. the expression levels of N-Cadherin, Vimentin and E-Cadherin were
examined by Western blotting. The results shown are representative of three independent experiments,
GAPDH expression was used as the loading control.
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E-Cadherin were quanti�ed by qRT-PCR normalized with GAPDH. The data were represented as the mean
± S.D. of three experiments. **p < 0.01 and ***p < 0.001 compared with the control group or the TGF-β-
treated group. A549 cells were treated with different concentrations of Dic in the absence (c) or presence
(d) of TGF-β (3 ng/mL) for 72 h. the expression levels of N-Cadherin, Vimentin and E-Cadherin were
examined by Western blotting. The results shown are representative of three independent experiments,
GAPDH expression was used as the loading control.
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Dic inhibits EMT in A549 cells. A549 cells were treated with different concentrations of Dic in the absence
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treated group. A549 cells were treated with different concentrations of Dic in the absence (c) or presence
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examined by Western blotting. The results shown are representative of three independent experiments,
GAPDH expression was used as the loading control.



Page 53/58

Figure 8

Effects of Dic on A549 growth in a xenograft mouse model. a-g A549 cells (5 × 106 cells/mice) were
injected subcutaneously into the right armpits of mice. On the 9th day after inoculation, when the tumors
reached a volume of 100-150 mm3, two groups of tumor-bearing nude mice (n = 6, each group) were
injected intraperitoneally with either Dic (50 mg/kg) or physiological saline (0.9% NaCl), respectively. After
15 days of consecutive injections, the mice were sacri�ced. a Representative necropsy images of mice
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and dissected tumors are shown. b Tumor weight of dissected tumors from the two groups of mice was
measured at the end of the experiment. The results are expressed as the mean ± S.D., ****p < 0.0001
compared with control (one-way ANOVA with Dunnett's test). c Tumor volumes were measured during the
experiment, and these data are represented as the mean ± S.D., **p < 0.01 and ****p < 0.0001 compared
with the control (one-way ANOVA with Dunnett's test). d Body weight changes in mice treated with Dic or
vehicle. Data are represented as the mean ± S.D., ns, not signi�cant. e Histological features were analyzed
by H&E staining in sections from the tumors. (e-g) Immunohistochemical analysis was performed with
sections of excised tumors. Each scale bar represents 30 μm, ****p < 0.0001 compared with control (one-
way ANOVA with Dunnett's test). h Scheme of the proposed mechanism. This shows that Dic directly
targets c-Met, leading to the downregulation of the PI3K/Akt/mTOR, MAPK signaling pathways and
proliferation-related gene expression, eventually inhibiting lung cancer cell proliferation and tumor
growth.
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15 days of consecutive injections, the mice were sacri�ced. a Representative necropsy images of mice
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and dissected tumors are shown. b Tumor weight of dissected tumors from the two groups of mice was
measured at the end of the experiment. The results are expressed as the mean ± S.D., ****p < 0.0001
compared with control (one-way ANOVA with Dunnett's test). c Tumor volumes were measured during the
experiment, and these data are represented as the mean ± S.D., **p < 0.01 and ****p < 0.0001 compared
with the control (one-way ANOVA with Dunnett's test). d Body weight changes in mice treated with Dic or
vehicle. Data are represented as the mean ± S.D., ns, not signi�cant. e Histological features were analyzed
by H&E staining in sections from the tumors. (e-g) Immunohistochemical analysis was performed with
sections of excised tumors. Each scale bar represents 30 μm, ****p < 0.0001 compared with control (one-
way ANOVA with Dunnett's test). h Scheme of the proposed mechanism. This shows that Dic directly
targets c-Met, leading to the downregulation of the PI3K/Akt/mTOR, MAPK signaling pathways and
proliferation-related gene expression, eventually inhibiting lung cancer cell proliferation and tumor
growth.
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and dissected tumors are shown. b Tumor weight of dissected tumors from the two groups of mice was
measured at the end of the experiment. The results are expressed as the mean ± S.D., ****p < 0.0001
compared with control (one-way ANOVA with Dunnett's test). c Tumor volumes were measured during the
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sections of excised tumors. Each scale bar represents 30 μm, ****p < 0.0001 compared with control (one-
way ANOVA with Dunnett's test). h Scheme of the proposed mechanism. This shows that Dic directly
targets c-Met, leading to the downregulation of the PI3K/Akt/mTOR, MAPK signaling pathways and
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