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Objective: In this study, the aim was to investigate the inhibitory effect of 6,60-bieckol on the migration
and epithelial-mesenchymal transition (EMT) of non-small cell lung cancer (NSCLC) cells, and explore its
potential molecular mechanisms.
Methods: Cell migration was measured using a CCK8, wound healing, and transwell migration assay.
Apoptosis was determined using an Annexin V/propidium iodide staining. Western blotting and
immunofluorescence were used to examine the expression level of apoptosis-related proteins and EMT
marker proteins.
Results: The results showed that 6,60-bieckol inhibited migration and induced apoptosis of NSCLC cells.
Furthermore, 6,60-bieckol had significantly up-regulated the E-cadherin and down-regulated Snail1 and
Twist1 transcriptional levels. 6,60-Bieckol might inhibit TGF-b-induced EMT by down-regulating Snail1
and Twist1 and up-regulating E-cadherin in lung cancer cells.
Conclusion: It is suggested that 6,60-bieckol has the potential to be developed as a therapeutic candidate
for lung cancer.
� 2021 Tianjin Press of Chinese Herbal Medicines. Published by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Non-small cell lung cancer (NSCLC) is a lung cancer disease and
has become the first cause of death of malignant tumors in the
urban population (Siegel, Miller, & Jemal, 2020). More than 90%
of lung cancer patients present with advanced-stage disease, with
extensive invasion and metastases, at diagnosis (Chen et al., 2014).
Most of the present lung cancer chemo-preventive and chemother-
apeutic agents lead to undesirable side effects (Surien, Ghazali, &
Masre, 2019). Therefore, it is imperative to discover new agents
derived from natural products with fewer side effects and elucidate
their potential mechanisms.

Apoptosis is a process of programmed cell death that occurs in
multicellular organisms (Dunnick, Brix, Sanders, & Travlos, 2014).
The death proteases (Caspases) and the Bcl-2 family of proteins
play a key role in programmed cell death. The initiator Caspases-
2, -8, -9, and -10 and the effector Caspases-3, -6, and -7 can be acti-
vated to mediate apoptosis in response to diverse pro-apoptotic
stimuli from outside and inside of the cells (Mohamed et al.,
2014). In addition, during cancer progression, cancer cells rely on
pro- and anti-apoptotic Bcl-2 family proteins and tend to be
edicines. Published by Elsevier B.V
icense (http://creativecommons.org
addicted to these survival mechanisms (Spets et al., 2002). Apopto-
sis and epithelial-mesenchymal transition (EMT) are very basic
physiological processes. They are independent and interrelated
events in normal development and homeostasis (Song, 2007).
EMT is a multistep process in which cells acquire molecular alter-
ations such as loss of cell–cell junctions and restructuring of the
cytoskeleton (Kalluri & Weinberg, 2009). EMT plays an important
role in the metastasis of various malignant tumors. The activation
of certain transcription factors induces EMT, which led many
researchers to use EMT to investigate anticancer therapy (Elena,
Prieto-García, Díaz-García, García-Ruiz, & Agulló-Ortuño, 2017).
Various EMT signaling pathways and EMT-related genes have been
identified, and recent research has shown that the metastasis of
cancer cells can be suppressed by inhibiting EMT (Kay, Yeung,
Jing, & Yang, 2017). Numerous signaling pathways that are
involved in the regulation of EMT, such as E-cadherin, Snail/Slug,
Twist, and TGF-b signaling pathways, are highly activated in meta-
static lung cancers (Li, Liu, Xue, Li, & Wen, 2019; Wang et al., 2017).

Traditional Chinese medicine (TCM) is a rich source for the
development of new drugs (Ma & Li, 2020). Previous studies
showed that 6,60-bieckol of the phlorotannin compound was iso-
lated from traditional Chinese medicine, Ecklonia cava (Li,
Wijesekara, Li, & Kim, 2011; Li, Li, Je, & Kim, 2015). Various biolog-
ical and pharmaceutical activities of 6,60-bieckol have been
.
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reported, such as anti-oxidation, anti-inflammation, anti-HIV-1
activity, and anti-tumor (Artan et al., 2008; Kim et al., 2016; Park
et al., 2014). However, mechanisms underlying the anti-tumor
activities of 6,60-bieckol, and whether or not it can suppress the
migration of lung cancer remain largely unknown. In the present
study, we evaluated the effect of 6,60-bieckol on the migration
and EMT of NSCLC cells and its mechanism. 6,60-Bieckol inhibits
A549 and H1299 cell migration and TGF-b induced EMT in vitro
by down-regulating Snail1 and Twist1 and up-regulating E-
cadherin in NSCLC cells.
2. Material and methods

2.1. Materials and chemicals

In our previous study, we purified phlorotannin compounds (1–
7) from E. cava (Fig. 1A). The dried powder of E. cava (10 kg) was
extracted by stirring an extraction unit with MeOH for 10 d. The
extract was suspended in water and partitioned with n-hexane,
CH2Cl2, EtOAc, n-BuOH in sequence. The EtOAc fraction was sub-
jected to a silica gel flash chromatography eluting with hexane/
EtOAc/MeOH to yield ten subfractions. Subfraction 5 and 6 were
purified by Sephadex LH-20 with MeOH only to afford the
phlorotannins, including phloroglucinol (1), eckol (2), fucodiphlor-
oethol G (3), phlorofucofuroeckol A (4), 7-phloroeckol (5), dieckol
(6), and 6,60-bieckol (7) as illustrated in Fig. 1B. The compounds
were dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St.
Louis, MO, USA) and employed in experiments in which the final
concentration of DMSO in culture medium was adjusted to
<0.01%. Primary antibodies used for Western blot and immunoflu-
orescence analysis were purchased from Cell Signaling Technology
(Bedford, Massachusetts, USA). Secondary antibodies used forWes-
tern blotting were: 800CW goat anti-mouse and 800CW goat anti-
rabbit, purchased from LI-COR Biosciences (Nebraska, USA).

2.2. Cell culture

The NSCLC cell lines (A549 and H1299) purchased from Ameri-
can Type Culture Collection (ATCC), were all maintained in com-
plete Dulbecco’s Modified Eagle’ Medium (DMEM) (Gibco),
supplemented with 10% FBS (Gibco), 100 U/mL penicillin and
100 lg/mL streptomycin, at 37 �C in a humidified incubator with
5% CO2.

2.3. CCK8 assay

The cell proliferation was determined using the CCK8 kit and
carried out according to our previous protocols. In short, the cells
were plated at a density of 1 � 104 cells/well in 96-well multi-
plates. After incubation for 24 h, cells were washed with fresh
medium and treated with different concentrations (20 lmol/L,
40 lmol/L, 80 lmol/L, and 160 lmol/L) of 6,60-bieckol. After 24 h
or 48 h, 10 lL of CCK-8 solution was added to each well and further
incubated for 2 h. Then the absorbance values were detected at a
wavelength of 450 nm using a Bio-Rad microplate reader (Califor-
nia, USA). The cell viability was calculated by the optical density
(OD) values of treated groups/OD values of control groups � 100%.

2.4. Cell migration assay

The migration assay was performed using a 24-well transwell
chamber with polyvinylpyrrolidone-free polycarbonate mem-
branes (8 lm pore size) as previously reported (Li, Himaya,
Dewapriya, Zhang, & Kim, 2013). A total of 200 lL cells
(2.5 � 105/mL in serum-free medium) were placed in the upper
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compartment of the migration chamber and placed in 750 lL cul-
ture medium (with 10% FBS) in the lower chamber. The transwell
was placed into the lower chamber to incubate at 37 �C in 5%
CO2 for 12 h. Then it was incubated in a FBS-free medium contain-
ing 0.2% BSA in the presence or absence of concentrations
(80 lmol/L) of 6,60-bieckol, dissolved in 10% DMSO for 24 h at
37 �C. In 5% CO2, the invasive cells attached to the lower surface
of the inserted membrane and were fixed with 4% formaldehyde,
methanol, and stained with 0.5% crystal violet for 10 min. After
incubation, the filter inserts were removed from the wells, and
the cells on the upper side of the filter were removed using cotton
swabs. Finally, the migrating and invading cells were observed
with an optical microscope (Leica Microsystems Wetzlar GmbH,
Wetzlar, Germany) at 100 � magnification.
2.5. Cell apoptosis detection by flow cytometry

A549 and H1299 cells were seeded at a density of 1 � 106/well
in 6-well plates. After the culture for 24 h, 6,60-bieckol was added
to the culture plates, in which the final concentrations of 6,60-
bieckol were adjusted 80 lmol/L in turn, and then the cells were
cultured under routine conditions. Twenty-four hours later, the
cells were collected and washed with PBS. According to Annexin
V-FITC/PI double staining flow cytometry method, Annexin V/FITC
and PI were added to the cells, respectively, the cells were dyed for
15 min, and then the cell apoptosis was detected by flow cytome-
try (BD Biosciences, San Jose, CA, USA).
2.6. Docking calculations

Docking calculations were carried out using Swissdock. (Zoete,
Cuendet, Grosdidier, & Michielin, 2011) It is a fully automated
protein-small molecule docking web service, accessible via the
Swissdock web server (http://www.swissdock.ch/). The structure
of the E-cadherin (PDB-1Q1P) protein model was downloaded from
RCSB Protein DataBank (PDB). 6,60-Bieckol and E-cadherin surface
binding analysis was performed by molecular graphics program
UCSF Chimera 1.12rc.
2.7. Western blot

Western blotting (WB) was performed according to standard
procedures. A total of 80 lg protein was separated and transferred
onto nitrocellulose membranes. Membranes were then blocked
and incubated with primary antibodies at 4 �C overnight. The
membranes were then washed and probed with appropriate sec-
ondary antibodies. After the final wash, the membranes were visu-
alized using the Odyssey LI-CDR system. All the gray-scale values
in the study were obtained using WCIF ImageJ software.
2.8. Immunofluorescence

A549 and H1299 cells were grown in 4-chamber slides in
serum-free media and treated with TGF-b (10 ng/mL) or co-
treatment with TGF-b (10 ng/mL) and 6,60-bieckol (80 lmol/L).
After 24 h incubation, cells were fixed with 4% paraformaldehyde
at 4 �C. Cells were washed with PBS containing 0.1% BSA and incu-
bated with the anti-E-cadherin antibody for 1 h followed by 1 h
incubation with fluorescence-tagged secondary antibody, then
counterstained with DAPI for 5 min. Finally, the slides were sealed
and pictured under the inverted confocal fluorescence microscope
(LSCM; Zeiss, Oberkochen, Germany).

http://www.swissdock.ch/


Fig. 1. Chemical structures of phlorotannins compounds (1–7) isolated from E. cava (A). Extraction, isolation, and purification procedures of phlorotannins (1–7) from E. cava
(B). Cell survival analysis of A549 (C) and H1299 (D) cells treated with different concentrations (20 lmol/L, 40 lmol/L, 80 lmol/L, and 160 lmol/L) of compounds 1–7 at 24 h
using CCK8 assays. (E) Morphological changes in A549 and H1299 cells treated with 6,60-bieckol at 24 h. Images were captured by a phase-contrast microscope. Magnification,
�200. Values are expressed as the mean ± SD of three replicate experiments. *P < 0.05; **P < 0.01, as compared with blank groups.
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2.9. Statistical analysis

The data were shown as the mean of three replicate determina-
tions and standard deviation (SD), statistical comparisons were
made with the student’s T-test. The values were considered to be
significant when *P < 0.05 and **P < 0.01.
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3. Results

3.1. Effect of phlorotannins on cell viability of A549 and H1299 cells

Cytotoxic effects of phlorotannins were tested on cultured A549
and H1299 NSCLC cell lines. Comparisons of the cell growth for
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24 h with different concentrations of phlorotannin compounds (1–
7) (20 lmol/L, 40 lmol/L, 80 lmol/L and 160 lmol/L) were shown
in Fig. 1C and 1D. In a comparative analysis, 6,60-bieckol (7)
showed significant high growth inhibitory effects on the A549
and H1299 cell lines in a dose-dependent manner (*P < 0.05,
Fig. 2. 6,60-Bieckol inhibits A549 and H1299 cell migration determined by using wound h
200� and the relatively blocked percentage (%) of migrated and invaded cells per field we
H1299 cells. Cell lysates were collected and subjected to SDS-PAGEWB analysis using ant
value was expressed as the mean ± SD of triplicate experiments. *P < 0.05; **P < 0.01, as
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**P < 0.01). 6,60-Bieckol inhibited the proliferation of A549 and
H1299 cells with the viability percentages of 75%, and 72%
(80 lmol/L) at 24 h, respectively, compared to the vehicle-
treated blank. Our results showed that 6,60-bieckol (80 lmol/L
for 24 h) had significant anti-proliferative effects on A549 and
ealing (A) and trans-well assay (B). The results were observed with a microscope at
re assessed. (C) Protein expression levels of MMP-2 and MMP-9 in treated A549 and
ibodies specific for MMP-2 and MMP-9. GADPH was used as an internal control. Each
compared with blank groups.



Fig. 3. 6,60-Bieckol induces apoptosis in A549 and H1299 cells. (A) Cell cycle analysis of A549 and H1299 cells treated with 6,60-bieckol (80 lmol/L) for 24 h by flow
cytometry. (B and C) Expression of apoptosis-related proteins in A549 and H1299 cells treated with 6,60-bieckol (80 lmol/L) for 24 h. Fas, FasL, and Caspase-8 constitutively
activated by 6,60-bieckol in Western blot detection. (E) Akt phosphorylation was gradually inhibited and Bax/Bcl-2 ratio was increased significantly. Values are expressed as
the mean ± SD of three replicate experiments, *P < 0.05; **P < 0.01, as compared with blank groups.
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H1299 cell lines. After treatment of A549 and H1299 cells with
80 lmol/L 6,60-bieckol, it was found that the number of cells
decreased and condensed compare with the blank group, and a
large number of cells separated from the bottom of the culture
dish. These changes are very similar to the characteristics of apop-
tosis and death, indicating that 6,60-bieckol may have the role of
inducing apoptosis as shown in Fig. 1E.
3.2. Effects of 6,60-bieckol on migration of A549 and H1299 cells

To examine the effect of 6,60-bieckol on the migration of the
cells, a wound-healing assay and transwell migration assay were
performed. A549 and H1299 cells were treated with 6,60-bieckol
(80 lmol/L) for 24 h. It was observed that 6,60-bieckol treatment
reduced the A549 and H1299 cell migration in Fig. 2A and B. In
these two experiments, 6,60-bieckol reduced the migration of both
cell lines of A549 and H1299 at 80 lmol/L for 24 h compared with
the blank. 6,60-Bieckol blocked the migration of A549 and H1299
with the blocking percentages of 51% and 44% (80 lmol/L) at
24 h, respectively. Western blot results revealed that 6,60-bieckol
treatment of the A549 and H1299 cells resulted in an inhibition
of protein expression of both MMP-2 and MMP-9. At the highest
concentration (80 lmol/L) of 6,60-bieckol, there was a significant
inhibition in both MMP-2 and MMP-9 and the inhibitory activity
was significant (P < 0.01) from the concentrations of 0 to
80 lmol/L (Fig. 2C). We found that 80 lmol/L 6,60-bieckol could
effectively inhibit the expression of MMP-2 and MMP-9 in NSCLC
cells. The expression of MMP-2 and MMP-9 in A549 and H1299
cells decreased by more than 50%. Therefore, 6,60-bieckol could
inhibit the proliferation of NSCLC cells.
3.3. Induction of apoptosis in A549 and H1299 cells by 6,60-bieckol

To find out whether apoptosis is induced as an underlying
mechanism of anti-proliferation of 6,60-bieckol treatment, an
assessment of apoptosis was performed using a flow cytometer fol-
lowing the staining with Annexin-V/PI. The apoptosis of A549 and
H1299 cells treated with 6,60-bieckol for 24 h were analyzed. As
shown in Fig. 3A, the treatment with 80 lmol/L 6,60-bieckol
increased the cell population that was positive for Annexin V and
PI staining. Meanwhile, Western blot analysis was carried out to
investigate the activation of Fas/FasL and Caspases cascade. As
shown in Fig. 3B and C, 6,60-bieckol not only significantly up-
Fig. 4. Molecule binding of 6,60-bieckol to active site of E-cadherin. (A) Binding mode be
displayed in surface mode. 6,60-Bieckol is represented using balls and sticks. (B) The inter
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regulated the expression of Fas/FasL, but also increased down-
stream proteins Caspase-3, -8, and -9 in a dose-dependent manner.
To confirm the expression levels of proteins related to the induc-
tion of apoptosis, Bcl-2 (pro-apoptotic product) and Bax (anti-
apoptotic product) were analyzed. The results showed that 6,60-
bieckol gradually inhibited Akt phosphorylation and increased
Bax/Bcl-2 ratio. As per the results, 6,60-bieckol exhibited induction
of apoptosis in both A549 and H1299 cells. 6,60-Bieckol down-
regulated the anti-apoptotic Bcl-2 levels and as well as up-
regulated the pro-apoptotic Bax at protein levels (Fig. 3D and E).
These data support the observation of previous experiments that
6,60-bieckol are inhibiting migration at least in part through the
pathway of apoptosis.
3.4. Analysis of binding mode of 6,60-bieckol to E-cadherin by small-
molecule docking

To determine the correlation between 6,60-bieckol with EMT, a
small molecular docking mold to was used to evaluate the binding
of 6,60-bieckol to E-cadherin and their binding sites, as shown in
Fig. 4. The best binding model (6,60-bieckol to 1q1P-E-cadherin)
was shown in Fig. 4A. In addition, the three hydroxyl groups of
6,60-bieckol were predicted to form a hydrogen bond with the
polar atoms of residues SER8, LEU21, and PRO5 (Fig. 4B). The
experimental results suggested that the 6,60-bieckol can bind to
the pocket of 1q1P-E-cadherin and interact with the key active-
site residues, which can result in inhibiting EMT activity.
3.5. Effect of 6,60-bieckol on TGF-b-induced EMT of A549 and H1299
cells

To investigate the effects of 6,60-bieckol on protein expressions
of EMT markers, a Western blot assay was performed for the pro-
teins extracted from A549 and H1299 cells treated with 6,60-
bieckol (80 lmol/L) for 24 h. The expression of the E-cadherin,
Snail1, and Twist1 proteins were investigated to determine
whether the effect of 6,60-bieckol was associated with the inhibi-
tion of the TGF-b/Snail1/Twist1 axis by Western blotting. The
results showed that TGF-b as an EMT inducer can significantly reg-
ulate the expression of EMT-related proteins, such as E-cadherin,
Snail1 and Twist1 (Fig. 5A and B). The expression of EMT markers,
E-cadherin was significantly increased and Snail1 and Twist1 were
significantly decreased by treatment with 6,60-bieckol (80 lmol/L)
tween 6,60-bieckol and 1q1p-E-cadherin. Interacting side chains of 1q1p-E-cadherin
action with SER8, LEU21, and PRO5 with the active site has been shown in the figure.



Fig. 5. 6,60-Bieckol regulates expression level of EMT-associated proteins and inhibits the activation of TGF-b-Snail1/Twist1 signaling. (A) Expression of E-cadherin, Snail1,
and Twist1 proteins in A549 and H1299 cells was determined by Western blot. (B) A549 and H1299 Cells were immune-stained with anti-E-cadherin antibody (green color)
and nuclei were counterstained with DAPI (blue color) following 6,60-bieckol treatment. Values are expressed as the mean ± SD of three replicate experiments,*P < 0.05,
**P < 0.01 as compared with control groups. Scale bar, 5 lm.
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for 24 h compared to that without treatment (Fig. 5A and B). These
findings indicated that 6,60-bieckol could inhibit TGF-b-induced
EMT in both A549 and H1299 cells by down-regulating the protein
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expression of E-cadherin and up-regulating the protein expression
of Snail1, and Twist1. Meanwhile, E-cadherin expression in A549
and H1299 cells was also assessed by immunofluorescence. Consis-
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tent with the results of Western blotting, E-cadherin was almost
undetectable in TGF-b treated cells; Whereas its expression was
significantly recovered by co-treatment with 6,60-bieckol
(80 lmol/L) for 24 h in both A549 and H1299 cells (Fig. 5C). The
Western blotting and immunofluorescence results suggested that
6,60-bieckol had an inhibitory effect on EMT.
4. Discussion

6,60-Bieckol is a phlorotannin compound isolated from E. cava. It
exerts immune protective effects in severe inflammatory diseases
(Kim et al., 2016). 6,60-Bieckol has shown remarkable anti-
proliferative and inhibited matrix metalloproteinase effects against
various types of solid tumors. Furthermore, it has been reported
that 6,60-bieckol significantly inhibits adipocyte differentiation by
downregulating adipogenesis and lipogenesis in preadipocytes of
a mouse cell line (Kwon et al., 2014). It also inhibits human
immunodeficiency virus type-1 induced syncytia formation.
(Artan et al., 2008; Karadeniz, Kang, Park, Park, & Kim, 2014). How-
ever, the effect of 6,60-bieckol on the migration of lung cancer cells
remains unclear. We investigated these mechanisms of 6,60-bieckol
on NSCLC cells, and 6,60-bieckol can inhibit lung cancer A549 and
H1299 cells migration and TGF-b induced EMT by down-
regulating TGF/b-Snail1/Twist1 signaling pathway.

EMT is an important developmental process that is also impli-
cated in disease pathophysiologies, such as the migration, invasion,
and metastasis of cancer (Li and Li, 2015; Mittal, 2018). TGF-b
induces EMT in various cancer cells, increasing their invasion and
migration and resulting in enhancing metastasis (Huang et al.,
2016; Nirajan et al., 2016). EMT depends on a reduction in expres-
sion of cell adhesion molecules and loss of tight junctions. The pre-
vious studies have shown that regulation of EMT may represent an
emerging therapeutic approach against NSCLC (Chae et al., 2016).
In our present study, it was found that 6,60-bieckol could inhibit
TGF-b induced EMT, increasing E-cadherin expression and reduc-
ing the invasiveness and migration in the NSCLC A549 and
Fig. 6. 6,60-Bieckol inhibits cell migration in NSCLC cells by
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H1299. We also found that Snail1/Twist1 signaling is required for
TGF-b-induced EMT in NSCLC cells, which clarifies the mechanism
by which 6,60-bieckol may inhibit NSCLC cell metastasis.

Apoptosis is the key characteristic of anticancer drugs as it plays
an important role in the development, the regulation of
hematopoietic progenitor cells. The sustained genetic damage or
that undergo uncontrolled cellular proliferation in the elimination
of cells (Bosserman et al., 2015; Fulda & Debatin, 2006). It is also a
complex process controlled by many factors, such as Bcl-2 family
proteins and Caspases (Kale, Osterlund, & Andrews, 2017). The
Bcl-2 protein, located in the mitochondrial membrane, is an effec-
tive inhibitor of apoptosis. It plays an important role in promoting
cell survival and inhibiting the actions of pro-apoptotic proteins
(García-Sáez, 2012). The Caspases play a role in programmed cell
death (Shalini, Dorstyn, Dawar, & Kumar, 2015). The present study
demonstrated that 6,60-bieckol exhibited anti-proliferative effect
and apoptosis against A549 and H1299 cells. In this study, we
found that 80 lmol/L 6,60-bieckol could induce apoptosis against
A549 and H1299 cells. These results suggested that 6,60-bieckol
induced apoptosis through Bcl-2 and Caspases proteins in the
NSCLC cells.
5. Conclusion

In conclusion, the compound of 6,60-bieckol isolated from E.
cava showed significant inhibitive effects on cell proliferation in
A549 and H1299 cells. 6,60-Bieckol also exhibited cytotoxicity by
inducing apoptosis in A549 and H1299 cells via modulation of
Bcl-2, Bax, Caspase-3, -8, and -9. Additionally, our results con-
firmed that 6,60-bieckol can inhibit the migration, block the EMT
process of A549 and H1299 cells, and these effects may be associ-
ated with its inhibition on the activation of the TGF/b-Snail1/
Twist1 signaling pathway (Fig. 6). Therefore, our results suggest
that 6,60-bieckol has a potential to be developed as a therapeutic
candidate for lung cancer.
inducing apoptosis and inhibiting TGF-b induced EMT.
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