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Abstract

Non—small-cell lung cancer (NSCLC) is the leading cause of cancer-associated deaths. Radiotherapy remains the primary
treatment method for NSCLC. Despite great advances in radiotherapy techniques and modalities, recurrence and resistance
still limit therapeutic success, even low-dose ionizing radiation (IR) can induce the migration and invasion. Diallyl disulfide
(DADS), a bioactive component extracted from garlic, exhibits a wide spectrum of biological activities including antitumor
effects. However, the effect of DADS on IR-induced migration and invasion remains unclear. The present study reported that IR
significantly promoted the migration and invasion of A549 cells. Pretreatment with 40 pM DADS enhanced the radiosensitivity
of A549 cells and attenuated IR-induced migration and invasion. In addition, 40 uM DADS inhibited migration-related protein
matrix metalloproteinase-2 and 9 (MMP-2/9) expression and suppressed IR-aggravated EMT by the upregulation of the epithelial
marker, E-cadherin, and downregulation of the mesenchymal marker, N-cadherin, in A549 cells. Furthermore, DADS was
found to inhibit the activation of Nrf2 signaling. Based on our previous results that knockdown of Nrf2 by siRNA suppressed
IR-induced migration and invasion in A549 cells, we speculated that DADS attenuated IR-induced migration and invasion by
suppressing the activation of Nrf2 signaling in A549 cells.
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Introduction

Lung cancer is one of the most commonly occurring malignant
tumors in humans. It is a leading cause of cancer-associated
death, and 2 206 771 new cases and 1 796 144 deaths were
reported worldwide in 2020." Non—small-cell lung cancer
(NSCLC) is the most common type of lung cancer, accounting
for 85% of diagnosed cases. According to the estimates of the
World Health Organization (WHO), 1.8 million patients per
year are diagnosed with NSCLC.? Radiotherapy remains to be
the primary treatment method for NSCLC either alone or in
combination.>* Despite the considerable progress in radio-
therapy technology, there are several limitations that affect the
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outcome of radiotherapy. Radioresistance and distant me-
tastasis are major challenges for the clinical treatment of
NSCLC.”> An increasing number of studies point out that most
NSCLC patients are already in an advanced or metastatic stage at
the time of initial diagnosis, resulting in a lower 5-year survival
rate.® Considering the high mortality and incidence rates, it is
urgent to identify novel treatment strategies to block cancer
metastasis and improve the prognosis of NSCLC patients.

Recently, diallyl disulfide (DADS), an oil-soluble
compound extracted from garlic (4/lium sativum L.), has
been reported to exhibit antitumor by inhibiting cell cycle
arrest, inducing apoptosis, and reducing invasion and
metastasis.”'? In NSCLC, early research showed that
DADS was effective in reducing the anti-proliferative gene
and inducing apoptosis in both H460 and H1299 cells."?
Recently, Hui et al. demonstrated that DADS-induced ap-
optosis in H1299 cells, at least partly, via G2/M-phase block
of the cell cycle, related to an increase in MAPK phos-
phorylation.'* Notably, NSCLC-related mortality is associ-
ated with the development of the metastatic potential of the
primary tumor.'> Moreover, increasing literature suggests at
higher mRNA expression of epithelial mesenchymal transition
(EMT) markers in NSCLC specimens, indicating the in-
volvement of EMT in NSCLC metastasis.'® Interestingly, Das
B et al. recently reported that DADS could reduce migration of
A549 cells via suppressing the canonical Wnt signaling
pathway and reverse the fibronectin (FN)-induced EMT.'® In
this study, the authors selected the A549 cell line, the most
aggressive and commonly used model for NSCLC, to in-
vestigate the role of DADS in the modulation of FN-induced
EMT."” The function of FN in regulating normal cell adhesion
and migration has been well documented.'® Additionally, Li
et al have shown that FN-induced EMT in MCF-7 cells via
the activation of calpain.'” Due to when tumor cells are
exposed to low doses of X-rays, their proliferation ability is
significantly suppressed, while migration and invasion ca-
pabilities are significantly enhanced.?** Although DADS
were previously reported to enhance radiation-induced apo-
ptosis and suppress cancer cell proliferation in cervical cancer
cells,” the effect of DADS on radiation-induced migration
and invasion of NSCLC and its molecular mechanisms are
currently unknown.

Nrf2 (nuclear factor erythroid 2—related factor 2, Nrf2) is a
redox-sensitive transcription factor.>* Besides mediating
adaptive response by regulating the expression of intracel-
lular antioxidant and detoxification enzymes, Nrf2 plays a
dual role in tumor initiation and progression. On one hand,
Nrf2-deficient mice showed increased susceptibility to car-
cinogenesis and metastasis in multiple mouse models.>> On
the other hand, aberrant Nrf2 activation enhances tumori-
genic potential by actively promoting cancer cell prolifer-
ation, angiogenesis, and metastasis.>* It has been
demonstrated that constitutive activation of Nrf2 in lung
cancer cells promotes tumorigenicity, and knockdown of Nrf2
expression inhibits tumor growth.’®?” Activation of Nrf2

accelerates tumor metastasis and invasion,z&29 and loss of

Nrf2 reverses propofol-induced invasion.’® In response to
ionizing radiation, several studies suggested Nrf2 was acti-
vated, resulting in radioresistance, even migration and invasion
of cancer cells.*'?? In lung cancers, Nrf2 gain-of-function
mutations often occur, and higher intratumoral levels of Nrf2
are associated with poor clinical outcomes.>® However,
currently, little evidence is available on the effect of DADS on
Nrf2 expression in response to radiation. Whether and how
DADS influences IR-induced migration and invasion in NSCLC
is still unknown.

Previously, we found that the synergistic interaction
between Nrf2 and Notchl signaling plays a critical role in
IR-induced migration and invasion in A549 cells.*” Therefore,
in the present study, we hypothesized that radiation enhanced
the invasion and migration of NSCLC by activating Nrf2
signaling, and DADS could inhibit the activation of Nrf2
signaling, leading to IR-induced migration of NSCLC was
attenuated. The study aimed to observe the effect of DADS
on IR-induced migration and invasion in A549 cells and to
identify a promising candidate to overcome the migration
and invasion of NSCLC radiotherapy.

Materials and Methods

Reagents

Diallyl disulfide was provided by Sigma-Aldrich. Primary
antibodies against Nrf2, HO-1, NQO-1, MMP-2, MMP-9,
E-cadherin, N-cadherin, and B-actin were purchased from
Abcam (Cambridge, MA, USA).

Cell Culture and Irradiation Treatment

A549 cells were grown in RPMI-1640 (Gibco Life Technologies,
Carlsbad, CA, USA) medium supplemented with 10% (v/v)
fetal bovine serum (Hyclone, GE Healthcare Life Sciences,
Logan, USA) and incubated at 37°C in a humidified 5% CO,
atmosphere.

The A549 cells were exposed to X-ray irradiation at
22°C. X-rays were generated using an RX-650 instrument
(Faxitron Bioptics, LLC, USA) at 100 kV/s. The dose rate
was .924 Gy/min.

Cell Viability and Proliferation Assays

A549 cells (2 x 10° cells/well) were seeded in 96-well plates
and incubated at 37°C with 5% CO, in a humidified envi-
ronment. After 24 h, the cells were pretreated with various
concentrations of DADS (0-80 uM) and/or IR (4 Gy X-rays).
The MTS assay was performed using CellTiter 96 ® AQueous
One Solution Cell Proliferation Assay (Promega Corp.,
Madison, WI, USA). Proliferation assays were performed
using the cell counting Kit-8 (CCK-8) kit (Dojindo, Kumamoto,
Japan)
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Colony Formation Assay

A549 cells with 80% confluence were exposed to 0, 1, 2, 4, 6,
and 8 Gy X-ray irradiation at room temperature. The irradiated
cells were trypsinized and 2 x 10° cells were seeded in 60 mm
dishes. The cells were incubated under a static condition for
13 days. The colonies were fixed with 100% methanol for
15 min and stained with .5% crystal violet (Sigma-Aldrich)
for 30 min at room temperature. Only colonies containing
more than 50 cells were counted for each treatment group.
Cell susceptibility was described as the inverse value of
survival for a given dose of exposure from the a and
parameters for each survival dataset. The o.and  parameters
were obtained from survival data by curve fitting using SF =
exp (—aD—PD?), where SF is the survival fraction and D is
the irradiation dose.

Migration and Invasion Assay

For migration assays, DADS and/or IR-treated A549 cells
were serum-starved for 24 h for cell cycle synchronization,
and the confluent cell monolayer (seeded in 35 mm culture
dishes) was scraped with a 200 pL sterile pipette tip to create a
wound artificially. The wound healing process was observed at
the indicated time points and photographed.

For invasion assays, 1 x 10° cells were plated in the top
chamber with Matrigel-coated membrane (24-well insert; pore
size, 8 um; BD Biosciences) in 400 puL serum-free medium,
and 600 pL complete medium was added to the lower
chamber. The cells were incubated for 24 h and cells that did
not invade through the pores were removed using a cotton
swab. Cells on the lower surface of the membrane were fixed
with 4% paraformaldehyde solution and stained with Giemsa.
Images of the invaded cells were obtained using a microscope
(Carl Zeiss, Germany).

Reverse Transcription-Polymerase Chain Reaction

After the cells were treated with DADS and/or IR, total RNA
was extracted using TRIzol reagent (Takara Biotech Co., Ltd.).
Reverse transcription was performed using a PrimeScript
RT Master Mix (Takara Biotech Co., Ltd.) in a total volume
of 20 pL. Quantitative PCR was conducted with the SYBR
Premix Ex Taq II kit (Takara Biotech Co., Ltd.) with
specific primers (Table.1). Relative expression of the target
mRNA was evaluated with the levels of f-actin using the
2744C method.

Enzyme-Linked Immunosorbent Assay

Culture supernatants of treated or untreated A549 cells were
centrifuged at 5000 r/min for 5 min. The activities of MMP-2
and MMP-9 in the supernatants were measured using an
ELISA kit (Excell Bio. China), according to the manufac-
turer’s instructions. The absorbance was detected using a

Table |. Primer sequences for specific genes and reference genes.

Gene Sequence
Nrf2 F 5-~AGCCCAGCACATCCAGTCA-3'

R 5- TGCATGCAGTCATCAAAGTACAAAG-3’
HO-1 F 5-CATGACACCAAGGACCAGAG-3’

R 5-AGTGTAAGGACCCATCGGAG-3'
NQO-I F 5-TTCTCTGGCCGATTCAGAG-3’

R 5- GGCTGCTTGGAGCAAAATAG-3'
B-actin  F 5'- ACACTGTGCCCATCTACGAGGGG-3'

R 5'- ATGATGGAGTTGAAGGTAGTTTCGTGGAT-3'

Abbreviations: F, forward primer; R, reverse primer.

microplate reader (Tecan Infinite M200, Switzerland) at
450 nm within 2 h after adding the stop solution. The
concentrations of MMP2 and MMP-9 were calculated using
the standard curve.

Western Blot Analysis

A549 cells treated with DADS and/or IR were lysed using
RIPA buffer containing 1% PMSF (Beyotime, Haimen, China)
on ice. The concentration of total protein was determined
using bicinchoninic acid protein assay (Thermo, USA).
Thereafter, 20 ng of total protein was loaded onto 10%
SDS-PAGE and then transferred to a PVDF membrane
(Millipore, IPVH00010), blocked with .05% Tween and 5%
BSA (bovine serum albumin, BSA) (BBI Life Sciences
Corporation, Canada) in Tris-buffered saline for 2 h. Followed
by incubation with primary antibodies: N-cadherin (ab18203),
E-cadherin (ab1416), MMP-2 (ab92536), MMP-9 (ab76003),
Nrf2 (ab62352), HO-1 (ab13248), NQO-1 (ab80588), and
B-actin (AP0060) overnight at 4°C. The preparative
membranes were reacted with appropriate secondary anti-
bodies conjugated to HRP. The immunological complexes
were visualized using electrochemiluminescence (Millipore,
Darmstadt, Germany). The protein bands were detected using
AI680 (Alpha Innotech Corporation) and quantified using
Image Quant TL software (version 8.1; GE Healthcare Life
Sciences).

Immunofluorescence Staining

Cells were cultured on coverslips and fixed in 4% parafor-
maldehyde for 20 min at room temperature. Cells were
washed three times with PBS and incubated with .3% Triton
X-100 for 10 min and blocked with PBS containing 5% BSA
for 1 h. The cells were incubated with anti-E-cadherin and
anti-N-cadherin antibodies overnight at 4°C washed three
times with PBS, and stained with Alexa Fluor 647-
conjugated (red) and Alexa Fluor 488-conjugated (green)
secondary antibodies for 1 h. After two washes with PBS, the
samples were incubated with DAPI (4, 6'-diamidino-2-
phenylindole, DAPI; .5 mg/mL) (blue) for 5 min. All
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images were scanned using a confocal fluorescence mi- ANOVA. Statistically significance was set at P < .05 was

croscope (LSM700; Carl Zeiss). considered.
Results

Statistical Analysis Effect of DADS on Viability and Proliferation of
A549 Cells

Results are presented as means + standard deviation (SD).
Significant differences in means between two samples were To determine the effect of DADS on the viability of A549
analyzed using two-tailed Student’s #-tests and two-way cells, the cells were treated with different concentrations
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(0-80 uM) of DADS for 24 h and the MTS assay was
performed. The results revealed that DADS inhibited the
cell viability in concentration-dependent manner com-
pared to the mock (dimethylsulfoxide, DMSO) group
(Figure 1A). After treatment with 40 uM DADS for 24 h,
cell viability was significantly inhibited (P < .001). Cell
proliferation of A549 cells was significantly inhibited after
treatment with more than 40 uM DADS (P<.01) (Figure
I1B). 40 uM of DADS was the effective concentration.
Therefore, 40 uM concentration was selected for further
experiments.

DADS Enhanced the Radiosensitivity of A549 Cells

The effect of DADS and IR on A549 cell viability was
examined by treating the cells with 40 pM DADS for 24 h
prior to exposure to different doses of X-rays. As shown in
Figure 2A and B, pretreatment with 40 uM DADS promoted
IR-induced viability decrease and proliferation inhibition.
Furthermore, a colony forming assay showed that pretreat-
ment with 40 uM DADS enhanced the radiosensitivity of
A549 (Figure 2C and D).

DADS Attenuated IR-Induced Migration and Invasion
of A549 Cells

To evaluate the effect of DADS on migration and invasion in
IR-treated A549 cells, scratch, transwell and Matrigel invasion
assays were performed. As shown in Figure 3A and B, the
results revealed that IR significantly promoted the migration
of A549 cells. After treatment with 40 uM DADS for 24 h
prior to IR, they migrated ~20% slower than that of mock cells
and ~62% slower than that of IR-treated cells. When these
cells were treated with both DADS and IR, there was a 35%
reduction in gap closure than that of IR-treated cells. Similarly,
pretreatment of DADS attenuated IR-induced invasion of
A549 cells (Figure 3C and D). These data suggested that
40 uM DADS effectively suppressed the migration and in-
vasion of IR-treated A549 cells.

DADS Inhibited Migration-Related Protein Expression
in A549 Cells

The efficacy of DADS in the suppression of IR-induced
migration encouraged us to investigate the effect of DADS
on the activities of MMP-2 and MMP-9 in IR-treated A549
cells. As the results of ELISA, assays showed that IR enhanced
the activities of MMP-2 and MMP-9 but was efficiently
counteracted by DADS (40 pM) pretreatment (Figure 4A and
B). In addition, the results of western blotting also demon-
strated that the levels of MMP-2 and MMP-9 were markedly
increased in IR-treated A549 cells, while pretreatment with
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Figure 3. DADS attenuated IR-induced migration and invasion of
A549 cells. (A) and (B) Representative images and quantitative
analysis of cell migration based on wound healing assays (scale bar,
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of cell invasion based on transwell assays (scale bar, 50 um). DADS:
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40 uM DADS significantly decreased the levels of both MMP-2
and MMP-9 in IR-treated A549 cells (Figure 4C and D).

DADS Suppressed the Characteristic Markers of EMT
in IR-Treated A549 Cells

The potency of DADS in the modulation of cell migration and
invasion prompted us to examine whether DADS could re-
verse the process of EMT in IR-treated A549 cells. As shown
in Figure5, IR suppressed the epithelial marker, E-cadherin,
when comparison with that of mock cells. Pretreatment with
DADS (40 pM) increased the expression of E-cadherin.
While, IR enhanced the mesenchymal marker, N-cadherin,
and pretreatment with DADS (40 uM) significantly reduced
the levels of N-cadherin. The results were evident from both
immunocytochemistry (Figure 5A) and western blot (Figure 5SB—
D). These data suggest that 40 uM DADS confers intercellular
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junctions through the regulation of E-cadherin and N-cadherin
protein expression.

DADS Inhibited IR-Induced Migration and Invasion
Was Associated With the Suppression of Nrf2
Signaling Pathway

As shown in Figure 6A and B, the mRNA levels of Nrf2 were
reduced after treated with 40 uM DADS at 12 and 24 h (Figure
6A) and protein levels significantly decreased in A549 cells
treated with different concentrations of DADS (Figure 6B).
Furthermore, IR significantly increased mRNA and protein
levels of Nrf2 and its target genes HO-1 and NQO1, whereas
the mRNA and protein levels of Nrf2, HO-1 and NQO1 levels
were reduced after cells were treated with 40 uM DADS
(Figure 6C and D). These results indicated that DADS at-
tenuated IR-induced activation of the Nrf2 signaling pathway.

Discussion

Lung cancer is one of the most malignant tumors with the
highest morbidity and mortality worldwide.*® NSCLC, the
most frequently occurring category of lung cancer, accounts

for approximately 85% of all cases.”*® Tumor invasion and
metastasis are the main factors responsible for NSCLC
treatment failure.'>*” Despite great advances in radiother-
apy techniques and modalities, recurrence and resistance
still limit the therapeutic success. There is evidence that
when tumor cells are exposed to low doses of X-rays, their
viability and proliferation ability is significantly suppressed,
while migration and invasion capabilities are significantly
enhanced;?*? thus, seeking novel approaches or agents to
reverse IR-induced tumor cell invasion and migration is the
key to overcoming tumor recurrence and metastasis during
radiotherapy for NSCLC.

Diallyl disulfide, a major organosulfur compound derived
from garlic, were reported to exhibit various pharmacological
properties such as antibacteria, antiangiogenesis, anticancer,
and anticoagulation.” Besides, DADS are also reported to
induce cytotoxicity and induction of cell death in various
human cancer cells.”*'*° It has been indicated that DADS
could suppress cell migration and the invasion in human
triple negative breast cancer,” colorectal cancer,”’ colon
cancer’*! and prostate cancer cells.'" Recently, studies showed
that DADS inhibited human colon cancer cell growth, invasion
and migration, and reversed the EMT in gastric cancer cells*?
and A549 lung cancer cells."” MMP-2 and MMP-9 play a
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pivotal role in degrading the extracellular matrix, thus facil-
itating cell migration.****> A549 is one of the most aggressive
lung cancer cell lines due to the aberrant expression of MMP-2
and MMP-9 expression.'” Furthermore, the cells are held
together by tight junctions and adherent junctions, which are
formed by cell surface epithelial cadherin (E-cadherin) mol-
ecules, whereas N-cadherin is associated with a more mi-
gratory and invasive phenotype; E-cadherin and N-cadherin
are associated with more aggressive behavior of cell lines and
tumors.*® In this present study, our results also showed that
pretreatment with 40 uM DADS could enhance the radio-
sensitivity of A549 cells and attenuate IR-induced migration
and invasion by inhibiting migration-related proteins MMP-2/9
expressions and suppressing IR-aggravated EMT marker.
According to the current literature, its mechanisms of DADS
action remain unclear, although it has been reported which
included the suppression of DNA adduct formation, anti-
oxidant activity, regulation of cell cycle arrest, induction of
apoptosis and differentiation, histone modification, inhibition
of angiogenesis and invasion, and so forth.

Numerous studies have shown that the deleterious effects
of radiation include formation of free radicals and develop-
ment of oxidative stress damage.*” Nrf2 plays a pivotal role in
endogenous protection in the defense against oxidative
stress.”’ Indeed, several studies have shown that radiation
activated the Nrf2 response and increased invasion and

metastasis of NSCLC.>"****® Our previous study also showed
that IR induces the activation of Nrf2, knockdown of Nrf2
downregulated the expression of MMP-2, MMP-9, and
N-cadherin, and suppressed IR-induced migration and inva-
sion in A549 cells.>” These findings implied that Nrf2 might
participate in driving NSCLC invasion and metastasis. However,
to date, little evidence is available on the effect of DADS on
Nrf2 expression in A549 cells. Whether DADS inhibits IR-
induced migration and invasion by regulating Nrf2 signaling
pathway is still unknown. In the present study, we found that
X-ray irradiation markedly aggravated Nrf2 and its regu-
lated genes HO-1 and NQO1 mRNA and protein expression.
Pretreatment with 40 pM DADS significantly inhibited the
levels of Nrf2 and its target genes HO-1 and NQO1 mRNA
and protein expression in A549 cells. The results implied that
Nrf2 was a target of DADS in the response of A549 cells to IR.
Based on our previous results that knockdown of Nrf2 suppressed
IR-induced migration and invasion in A549 cells, we speculated
that DADS attenuated IR-induced migration and invasion of
A549 cells by suppressing the activation of Nrf2 signaling.
Furthermore, Nrf2 dysregulation is implicated in lung
cancer cell tumorigenicity and inhibited Nrf2 expression re-
pressed tumor metastasis and invasion.***” Downregulation
of Nrf2 inhibits osteopontin-induced migration.?® In addition,
inhibition of HO-1 and NQOI, the target genes of Nrf2,
prevents the occurrence of metastasis.*” In clinical practice, it
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Figure 6. DADS inhibited IR-induced migration and invasion was associated with the suppression of Nrf2 signaling pathway. (A) Nrf2 mRNA
levels were monitored by quantitative RT-PCR in A549 cells treated with 40 uM DADS for 12, 24, and 48 h. (B) Analysis of Nrf2 proteins by
Western blotting in A549 cells treated with 40 uM DADS for 24 h. B-actin served as normalization control. (C) Expression of Nrf2, HO-1,
and NO mRNA was detected by RT-qPCR in A549 cells treated with 40 pM DADS and/or 4 Gy X-ray. (D) Western blotting analysis of Nrf2,
HO-1,and NQO protein in A549 cells treated with 40 uM DADS and/or 4 Gy X-ray. #P < .05, ##P <.01 and ###P <.00| vs mock group;
*P < .05, *xP < .0l, *xxxP <.001 vs IR-treated group; two-tailed Student’s t-test. DADS: diallyl disulfide.

has been verified that Nrf2 and its target genes are overex-
pressed in NSCLC patients, giving cancer cells an advantage
for survival and progression.’™>" Nrf2 expression was con-
stitutively activated due to insertion and deletion mutations in
Keapl in some advanced NSCLC patients.>® Nrf2 is thought
to be responsible for NSCLC invasion and metastasis.*® Thus,
inhibition of Nrf2 and its target genes overexpression is the
key to prevent or reverse radiotherapy-induced tumor recurrence
and metastasis in treatment for NSCLC. Since pretreatment with
DADS can markedly inhibit Nrf2 and its target genes HO-1
and NQO1 mRNA and protein expression, it has great po-
tential for use in the development of a novel anti-metastatic

drug alone or in combination with radiotherapy for the treatment
of NSCLC patients.

Conclusion

In summary, we revealed that low-dose ionizing radiation
(4 Gy X-ray irradiation) induced migration and invasion
potential of A549 cells and pretreatment with 40 uM DADS
attenuated IR-induced migration and invasive properties. To
the best of our knowledge, this is the first report of DADS
attenuating IR-induced NSCLC metastasis, which is associated
with the suppression of the Nrf2 signaling pathway. These
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findings show that DADS might act as a therapeutic agent in
the inhibition of cancer progression alone or in combination
with radiotherapy for the treatment of NSCLC patients. How-
ever, the study had the limitation of using a single lung cancer
line, A549. Further studies will be required to clarify whether
DADS could directly regulate the expression of Nrf2 and maybe
there exist other factors that mediate this relationship.
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