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Abstract

Objective: Combination therapy has become the hallmark of lung cancer treatment, as it
reduces the dosage intensity of individual drugs while increasing their efficacy. In the current
study, we analyzed the combinatorial effect of decitabine and aspirin on non-small cell lung cancer
(NSCLC) cell growth.

Methods: In this study, we investigated the combinatorial effect of decitabine and aspirin by
MTT, colony formation, and Transwell assays. We also explored the underlying molecular mech-
anism via a series of in vitro and in vivo experiments.

Results: The combination of decitabine and aspirin regulated cell viability and migration in vitro.
Moreover, the combination therapy suppressed tumor cell growth by inhibiting the f-catenin/
STAT3 signaling pathway. Our study also found that the regimen increased the phosphorylation of
f-catenin and decreased the expression of STAT3 and f-catenin.

Conclusion: The combined administration of decitabine and aspirin significantly reduced tumor
growth compared with single-agent treatment and the control in vivo. The study results indicated
that decitabine and aspirin could suppress NSCLC cell growth and metastasis via the ff-catenin/
STAT3 signaling pathway.
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Introduction

Non-small cell lung cancer (NSCLC), one
of the most common causes of cancer mor-
tality worldwide, comprises approximately
80% of all lung cancer cases." Despite
recent advances in the diagnosis and treat-
ment of lung cancer, the prognosis of
patients with NSCLC remains poor, and
the 5-year overall survival rate is approxi-
mately 15%.>

Decitabine (5-aza-2'-deoxycytidine), a
DNA methyltransferases inhibitor, has a
wide range of anti-metabolic and anti-
cancer activities. Prior research indicated
that decitabine could induce cell apoptosis
and cell cycle arrest via DNA hypomethy-
lation.® Decitabine combined with other
therapies (cytotoxic drugs, molecular tar-
geted agents and other epigenetic agents,
or immunotherapy) produced better out-
comes than decitabine alone. Decitabine
enhances the sensitivity of tumor cells to
other drugs, inhibits the growth of cancer
cells, and activates the immune response.”
In addition, decitabine has been demon-
strated to have significant cytotoxic and
anti-neoplastic activities in many tumors.” ’
In preclinical studies, decitabine inhibited
lung cancer cell proliferation and induced
their metastasis.®

Aspirin, a non-steroidal anti-inflamma-
tory drug, is extensively used in clinical to
treat rheumatism and prevent cardiovascu-
lar disease. It has been reported as a che-
mopreventive drug that decreases the risk
of several human cancers, including lung
cancer.”!® The targets of aspirin include
cyclooxygenase (COX), cyclin-dependent
kinases, and AMP-activated protein
kinase.” In addition, aspirin can induce
COX1 and COX2 acetylation at S529 and
S516, respectively, thereby inhibiting ara-
chidonic acid binding and preventing ara-
chidonic acid transfer to thromboxane
A2."12 Aspirin can suppress inflammation,
immune escape, epithelial cell growth, and

cancer metastasis by inhibiting platelet acti-
vation. Moreover, aspirin can inhibit the
NF-kB and Wnt/f-catenin signaling path-
ways, which are tightly involved in tumori-
genesis.” In addition, aspirin has been
reported to enhance the sensitivity of
colon cancer cells to cisplatin by abrogating
the binding of NF-xkB to the COX-2
promoter."?

Increasing evidence indicates that WNT
signaling plays an important part in lung
carcinogenesis. Multiple studies examined
the role of WNT signaling, primarily focus-
ing on canonical or f-catenin—dependent
WNT signaling. In the canonical pathway,
Disheveled becomes phosphorylated, and
it inhibits f-catenin phosphorylation.
p-catenin subsequently accumulates in the
cytoplasm. f-catenin binds with the
LEF/TCF4 complex to activate Wnt signal-
ing.'* The Wnt/p-catenin pathway is fre-
quently activated in lung cancer, and it
promotes tumor growth and metastasis.'’
Interestingly, WNT signaling increases
STATS3 activation during tumorigenesis.'®
However, the mechanism by which this
pathway is aberrantly activated in lung
cancer is unclear.

These reported actions suggest possible
chemopreventive benefits of the combina-
tion of decitabine and aspirin. However,
this interesting possibility has not been
investigated in lung cancer. In the present
study, we evaluated the effects of decitabine
in combination with aspirin on the growth
and metastasis of A549 and H1299 cells.
We hypothesized that the combination
would exert synergistic anti-tumor effects
via the regulation of Wnt/f-catenin signal-
ing and inactivation of STAT3. A better
understanding of the mechanistic activities
of decitabine and aspirin will provide
insights into rational use of these agents
as therapies for patients with solid tumors,
including potential uses as combination,
adjuvant, and maintenance therapies.
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Materials and methods

Reagents and antibodies

Decitabine was purchased from Johnson &
Johnson (New Brunswick, NJ, USA) and
dissolved in phosphate-buffered saline
(PBS). Aspirin was purchased from
Sigma-Aldrich (St. Louis, MO, USA) and
dissolved in dimethyl sulfoxide (DMSO)
immediately before use. The final concen-
tration of the drug vehicle (DMSO) in cell
cultures was <0.1%. Antibodies specific for
STATS3 and p-f-catenin (Ser675) were pur-
chased from Cell Signaling Technology
(Danvers, MA, USA). Antibodies specific
for p-catenin and f-actin were purchased
from Proteintech (Rosemont, IL, USA).
Horseradish peroxidase-conjugated goat
anti-rabbit (ZB-2301) and anti-mouse
(ZB-2305) secondary antibodies were
obtained from ZSGB-BIO (Beijing, China).

Cell culture and treatment

NSCLC cell lines (A549 and H1299) were
purchased from the American Type Culture
Collection (Manassas, VA, USA). A549
and H1299 cells were cultured in RPMI
1640 medium (Thermo Fisher Scientific,
Waltham, MA, USA), supplemented with
10% fetal bovine serum (Thermo Fisher
Scientific). Cells were incubated at 37°C in
a humidified incubator containing 5%
CO2. Cells were treated with decitabine
and/or aspirin (2mM).

Cell migration and invasion assay

To investigate the effects of decitabine and
aspirin on NSCLC cells, A549 and H1299
cells were treated with decitabine and/or
aspirin for 24 hours. In the wound-healing
assay, equal numbers of NSCLC cells were
plated in each well of a six-well plate. At the
bottom of each well, a horizontal line was
drawn when the plates were covered. The
wounded monolayers were washed twice

with PBS to remove non-adherent cells.
After adding serum-free medium, cells
were incubated in a 37°C, 5% CO2 incuba-
tor. Cells were photographed at different
time points (magnification, x40) using a
BX43 microscope (Olympus, Japan).

In the Transwell assay, cells were seeded
in 24-well Transwell inserts (Corning, NY,
USA) at a density of 2 x 104 cells, and the
bottom of the inserts was filled with 200 pL
of serum-free medium. The lower chambers
were filled with 600ulL of complete
medium. For the Transwell invasion assay,
the filter in the insert was precoated with
Matrigel (BD Biosciences, San Jose, CA,
USA). After 12 hours of incubation at
37°C, cells remaining on the top surface of
the filter were removed using a cotton swab,
whereas cells that had migrated to or invad-
ed the bottom surface were washed with
PBS, fixed with methanol, and then stained
with crystal violet. The stained cells were
subsequently photographed (magnification,
% 100) using a microscope.

Western blot analysis

Cells were harvested and lysed with mam-
malian protein extraction buffer (CWBIO,
Boston, MA, USA) supplemented with
I mM phenylmethylsulfonyl fluoride
(Sigma-Aldrich) and 1mM phosphatase
inhibitor cocktail (Sigma-Aldrich). The
concentration of protein samples was deter-
mined using a BCA Protein Assay Kit
(KeyGen, Nanjing, China). The same
amount of protein was loaded into each
lane of 10% SDS-PAGE gels, and follow-
ing electrophoresis, protein was transferred
onto nitrocellulose membranes (Millipore,
Billerica, MA, USA). The membranes
were blocked with 5% non-fat milk and
then incubated at 4°C overnight with pri-
mary antibodies (1:1000). Next, these mem-
branes were washed three times with PBST
and incubated with secondary antibodies
(1:2000), and the protein bands were



Journal of International Medical Research

visualized using a Western bright ECL kit
(Advansta, Menlo Park, CA, USA).

MTT assay

NSCLC cells were seeded into 96-well cul-
ture plates at a density of 1 x 104 cells/well.
The cells were treated with different concen-
trations of decitabine and/or aspirin
(2mM) for 24 hours, and then 20puL of
MTT reagent (Smg/mL) were added into
each well, followed by incubation for
4 hours at 37°C. After the incubation, the
supernatant was removed, and 150pulL of
DMSO were added to dissolve the formazan
crystals for 10 minutes at room temperature.
After that, the optical density of each well
was detected at a wavelength of 570nm
using an EnSpire™ 2300 Multilabel Reader
(PerkinElmer, Waltham, MA, USA).

Colony formation assay

NSCLC cells were seeded in six-well culture
dishes (1000 cells/well) for 24 hours and then
treated with decitabine (10 mM) and/or aspi-
rin (2mM) for 24 hours. Subsequently, the
medium was replaced with fresh medium
every 3 days. After 10 days of culture, colo-
nies were fixed in methanol for 15 minutes
and stained with crystal violet for 15 minutes
at room temperature for visualization and
counting.

Animal studies

The protocol was approved by the Animal
Care and Ethics Committee of Jiaxing
University. Male BALB/c nude mice
(4 weeks old) were obtained from the
Laboratory Animal Research Center of
Jiaxing University. The animals were main-
tained in a specific pathogen-free environ-
ment in an animal facility of Jiaxing
University. A549 cells (1 x 10° cells) were
inoculated subcutanecously into the flank
of each mouse. When the tumor diameters
reached 4 to 5mm, mice were divided into

four groups: control, decitabine, aspirin,
and combination groups. Decitabine was
administered via intraperitoneal injection
(2.5mg/kg per day) for 10 consecutive
days, whereas aspirin was administered
intragastrically at 100mg/kg daily for
2 weeks. Tumor volumes were calculated
as V=1/2 (width? x length).

Statistical analysis

All experiments were performed at least
three times. Data are presented as the
mean + standard error of the mean.
Student’s t-test or one-way analysis of var-
iance was used to compare differences
among the groups. All statistical analyses
were performed using SPSS 23.0 (IBM
Corp, Armonk, NY, USA) or GraphPad
Prism 7.0 software (GraphPad Software,
La Jolla, CA, USA). P<0.05 was consid-
ered statistically significant.

Results

Responses of lung cancer cells to
decitabine and aspirin as single
agents and in combination

Decitabine and aspirin have anti-tumor
effects on several cancers. Accumulating
evidence indicates that aspirin can suppress
lung cancer cell viability."”'® To investigate
the effects of decitabine and aspirin on
NSCLC cells, the cells were treated
with different concentration of decitabine
and/or aspirin (2mM) for 24 hours. MTT
assay and colony formation assays were
used to examine the anti-proliferative
effects of the drugs. Figure la illustrates
that decitabine inhibited NSCLC cell pro-
liferation in a concentration-dependent
manner. The 20% inhibitory concentration
of decitabine was 10 mM, and it was select-
ed for the subsequent experiments. In addi-
tion, decitabine in combination with aspirin
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Figure |. Responses of lung cancer cells to decitabine and aspirin as single agents and in combination.
(2) A549 and H1299 cells were treated with decitabine (0—50 mM) and/or aspirin (2 mM) for 24 hours, and
cell viability was analyzed using the MTT assay and (b) A549 and H1299 cells were treated with decitabine
(10 mM) and/or aspirin (2mM). Then, cells were analyzed using the colony formation assay. All results are
expressed as the mean =+ standard error of the mean (*P < 0.05, *P < 0.01, and ***P < 0.001) of at least

three independent experiments.

robustly inhibited NSCLC cell proliferation
(P <0.05, Figure 1b).

Effects of decitabine and aspirin as single
agents and in combination on the
migration and invasion of lung cancer cells

To further determine whether the combina-
tion of decitabine and aspirin had better
inhibitory effects on tumor cell migration
and invasion than each agent alone,
wound-healing and Transwell assays were
performed. Data illustrated that decitabine
or aspirin alone decreased the invasiveness
and migration of NSCLC cells, and the
combination regimen significantly enhanced
these effects (P<0.05, Figure 2).
Collectively, these results indicated that dec-
itabine and aspirin potently inhibit NSCLC
cell migration and invasion.

Decitabine and aspirin decrease
[-catenin/STAT3 signaling activation
in lung cancer cells

Various studies indicated that f-catenin/
STATS3 signaling was significantly correlat-
ed with higher tumor metastasis rates and
poor prognosis.'® 2! However, the effects of
decitabine and aspirin on fS-catenin/STAT3
signaling remains unknown. The effects of
decitabine and aspirin on f-catenin/STAT3
signal transduction pathways in NSCLC
cells were evaluated. Western blotting illus-
trated that decitabine and aspirin inhibited
the f-catenin/STAT3 pathway (Figure 3).
In addition, decitabine and aspirin
increased the phosphorylation of fS-catenin
and decreased the expression of f-catenin
and STATS3 (Figure 3a). We therefore dem-
onstrated that decitabine and aspirin could
inhibit tumor growth and metastasis via
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Figure 2. Effects of decitabine and aspirin as single agents and in combination on the migration and invasion
of lung cancer cells. A549 and H1299 cells were treated with or without decitabine (10 mM) and/or aspirin
(2 mM). (a) Wound healing in the control, decitabine group, aspirin, and combination groups (magnification,
x40). (b) Migration in the control, decitabine, aspirin, and combination groups (magnification, x 100) and
(c) Invasion in the control, decitabine, aspirin, and combination groups (magnification, x 100). All results are
representative of at least three independent experiments. All results are expressed as the mean =+ standard
error of the mean (*P < 0.05, ¥P < 0.01, and **P < 0.001) of at least three independent experiments.

regulation of Wnt/f-catenin signaling and
inactivation of STAT3. These results indi-
cated that f-catenin/STAT3 signaling could
be a potential therapeutic target for cancer
treatment.

The anti-tumor activity of decitabine and
aspirin combination therapy against
human A549 xenografts

To further characterize the anti-cancer effi-
cacy of decitabine and aspirin combination
treatment, the in vivo activity of the drugs
was evaluated in an A549 lung cancer xeno-
graft model. Mice bearing tumors were
treated with decitabine and/or aspirin
(Figure 4a). As presented in Figure 4b, the

growth of tumor xenografts was slower in
the decitabine and aspirin groups than in
the control group. This suggested that dec-
itabine and aspirin could suppress the
growth of lung cancer. The growth of
tumor xenografts in the combination treat-
ment group was slowest among the four
groups (Figure 4c). Thus, the anti-cancer
efficacy of decitabine and aspirin was fur-
ther validated in vivo in A549 xenografts.

Discussion

Accumulating evidence has revealed the
inhibitory effects of decitabine or aspirin
alone on lung cancer.>'® However, the
effects of combined decitabine and aspirin
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Figure 3. Decitabine and aspirin decreases STAT3/B-catenin signaling activation in lung cancer cells. A549
and H1299 cells were treated with or without decitabine (10 mM) and/or aspirin (2 mM), and the whole-cell
lysates from each group were prepared and analyzed by western blotting to determine the expression of
STAT3, B-catenin, and p-fB-catenin. The data are representative of at least three independent experiments.
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Figure 4. The anti-tumor activity of decitabine and aspirin combination therapy against human A549
xenografts. A549 cells (1 x 10° in 100 uL of PBS) were injected subcutaneously into the flanks of mice. The
xenografts were harvested after 2 weeks. (a) Schematic figure of the xenograft model used in this study. (b)
Representative images of the xenografts. (c) Tumor volume was measured once every 2 days and calculated
as V = 1/2 (width? x length) and (d) The schematic illustration of the mechanism by which decitabine and
aspirin regulate NSCLC cell growth and metastasis.

therapy on lung cancer remain unclear. In
this study, we investigated the effects of
combined treatment with decitabine and
aspirin in NSCLC in vitro and in vivo.
The results of our study revealed that the
regimen decreased NSCLC cell viability

and inhibited the migration and invasion
of lung cancer cells. Moreover, the combi-
nation of decitabine and aspirin had a sig-
nificant inhibitory effect on in vivo tumor
growth. Therefore, this drug combination
may have a synergistic and powerful
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anti-cancer effect on lung cancer. However,
the signaling mechanisms underlying the
combined effects of these drugs on
NSCLC cells are not well understood.

Previous research demonstrated that
STAT3 was regulated by the pf-catenin
pathway at the transcriptional Ievel,
suggesting that STAT3 was a target of
p-catenin, and f-catenin/STAT3 signaling
could be a potential therapeutic target for
cancer treatment.”>** These results indicat-
ed that decitabine and aspirin could inhibit
the f-catenin/STAT3 pathway in NSCLC
cells. Decitabine and aspirin increased the
phosphorylation of f-catenin and decreased
the expression of f-catenin and STATS3.
These results demonstrated that the inhibi-
tion of ff-catenin/STAT3 signaling could be
a potential therapeutic strategy for NSCLC
(Figure 4d).

In summary, our study revealed a novel
mechanism of lung cancer treatment using
decitabine and aspirin. The results indicated
that this combination therapy inhibited
tumor growth and metastasis through the
p-catenin/STAT3 signaling pathway. The
findings of our study emphasize the poten-
tial usefulness of the combination of decita-
bine and aspirin for NSCLC therapy.
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