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Purpose: This study aims to investigate the possibility of using epigenetic inhibitors against
lung cancer.

Methods: The changes in the proliferation of human lung cancer cells, NCI-H1975 and
NCI-H1299 cells, treated with various doses of inhibitors of DNA methyltransferase (azacitidine
[5-AZA]) or histone deacetylase inhibitors (trichostatin A [TSA]) were determined by cell
counting. The cell viability of NCI-H1975 and NCI-H1299 cells treated with 5-AZA and/or
TSA was measured by the MTT assay. The changes in expression of the AKT signaling
pathway molecules caused by the application of 5-AZA and TSA were analyzed through their
protein and mRNA levels. A xenograft model was used to observe the effects of 5-AZA and
TSA on tumor growth in vivo.

Results: 5-AZA and TSA inhibited the proliferation and viability of NCI-H1975 and
NCI-H1299 cells. Their joint application significantly influenced the expression of key molecules
in AKT signaling pathway in vitro, and inhibited the growth of xenograft tumors in vivo.
Furthermore, TSA and 5-AZA decreased the tumorigenic ability of NCI-H1975 cells in vivo.
Conclusion: The decreased cell viability and tumorigenic ability, as well as increased anti-
oncogene expression following the joint application of 5-AZA and TSA, make these epigenetic
inhibitors prospective therapeutic agents for lung cancer.
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Introduction

Lung cancer, the deadliest type of cancer for both males and females, has the high-
est prevalence among all cancers. In 2012, 13% of diagnosed cancers were lung
cancer, which was responsible for 1.6 million deaths worldwide.! Epidemiological
research indicates that tobacco use, environmental pollution, and genetic factors
are the leading pathological causes of lung cancer. Recently, several studies have
suggested that smoking can influence DNA methylation in lung tissue. The methy-
lation of the aryl-hydrocarbon receptor repressor (AHRR) gene, which is involved
in the metabolism of cigarette smoke components, was 20% lower in current
smokers than in individuals who had never smoked.> Moreover, there is growing
evidence that air pollutants which have been officially identified as carcinogenic
by the World Health Organization, can induce epigenetic changes which may be
implicated in carcinogenesis. PM, ; exposure, a risk factor for lung cancer, has
been demonstrated to influence DNA methylation in a gene-specific manner.® The
previously mentioned findings suggest that epigenetic modifications play a critical
role in lung tumorigenesis.
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Epigenetics refers to the heritable changes which are not
caused by changes in DNA nucleotide sequence. Epigenetic
variabilities, including DNA methylation and histone modifica-
tions, have been demonstrated to be involved in several human
tumors.* DNA methylation refers to the biochemical process
where methyl groups are added onto the cytosine or adenine
DNA nucleotides. It is essential for normal development and is
associated with a number of key processes including genomic
imprinting and suppression of repetitive elements. Histone
modifications have important functions in chromatin assembly
and their alterations are among the major causes of altered
gene expression leading to tumorigenesis.’ Histone deacetylase
(HDAC), which catalyzes the removal of acetyl groups on the
histone tail and results in a transcriptional inactive heterochro-
matic state, is the most common histone modification.

Presently, DNA hypermethylation, especially in CpG
islands of tumor suppressor gene promoters, has been identi-
fied in human tumors including bladder,® breast,”” and lung
cancer.'’ Furthermore, hypermethylation has been regarded
as an early event in lung tumorigenesis.'!

Epigenetic changes supply not only a causative factor for
tumor development but also a potential strategy for thera-
peutic intervention, as epigenetic alterations are reversible.
DNA methyltransferase (DNMT) inhibitors can induce DNA
hypomethylation at specific gene loci resulting in sustained
gene reactivation.'> Currently, several inhibitors of DNMT
and histone deacetylase (HDAC) are in clinical use and/or
clinical testing against various malignancies."

The cross-talk among different epigenetic activities
provides the basis for using a combination of epigenetic
agents. In this report, we determined the optimal dosages
of DNMT- and HDAC-inhibitors, azacitidine (5-AZA) and
trichostatin A (TSA) for inhibiting the growth of lung cancer
cells. We then investigated the changes in expression of the
AKT signaling pathway molecules caused by 5-AZA and
TSA. Our findings shed light on the role of 5-AZA and TSA
in lung cancer progression, and provide potential therapeutic
agents for the treatment of lung cancer in the near future.

Materials and methods
Ethical approval

This study was designed and conducted in accordance with the
amended Declaration of Helsinki. This study was approved
by the Institutional Review Board (IRB) of Shanghai Pulmo-
nary Hospital affiliated with Tongji University prior to the
commencement of the study. In vivo experiments were also
approved by the IRB of Shanghai Pulmonary Hospital affili-
ated with Tongji University. All experiments were performed

following the approved guidelines and guidelines recom-
mended by the Animal Care and Use Committee in Shanghai
Pulmonary Hospital affiliated with Tongji University.

Cell culture

Lung cancer cell lines, NCI-H1975 and NCI-H1299, were
purchased from American Type Culture Collection (CRL
5908). NCI-H1975 cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS),
100 units/mL penicillin, and 100 pg/mL streptomycin.
NCI-H1299 cells were cultured in DMEM supplemented
with 10% FBS, 100 units/mL penicillin, and 100 pg/mL
streptomycin at 37°C with 5% CO,. All media for cell cul-
ture were purchased from Gibco (Thermo Fisher Scientific,
Waltham, MA, USA).

Cell growth and viability

NCI-H1975 and NCI-H1299 cells (5x10%) were seeded on a
96-well plate. They were treated with 0.1, 1, 5, 10, and 20 uM
5-AZA for48hand 72hand 0.1, 0.3,0.5,and 1 uM TSA for
24 h and 48 h. Cell counting was used to evaluate the changes
in cell growth. Cell viability was estimated by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) metabolism assay performed using the commercially
available Vybrand® MTT Cell Proliferation Assay Kit (Molec-
ular Probes, Thermo Fisher Scientific). In brief, 0.5 mg/mL
MTT was added to each well and incubated at 37°C for 4 h.
Next, 100 uL DMSO was used to terminate the reaction. Cell
viability was evaluated based on the OD,  data.

Changes in mRNA and protein expression
The optimal doses and treatment times of 5-AZA and TSA
were determined based on the results of the cell viability
assay. Following treatment with the inhibitors, cells were
divided into two parts. One part was used to extract the total
protein. The total RNA was extracted from the other part
using Trizol reagent (Thermo Fisher Scientific) according to
the manufacturer’s instructions. The changes in expressions
of target proteins were analyzed by Western blotting with the
corresponding antibodies. The total RNA concentration was
quantified using NanoDrop 1000 (Nanodrop, Wilmington,
DE, USA). Reverse transcription reaction was performed
with 500 ng of the total RNA using the TAKARA Reverse
Transcription kit. The mRNA expressions of target genes
were determined by real-time polymerase chain reaction
(PCR) using SYBR® qPCR Mix and the ABI 7500 Real-
Time PCR System (Applied Biosystems, Thermo Fisher
Scientific). B-actin was used as the internal control. The
entire experiment was performed in triplicate.

submit your manuscript

2994

Dove

OncoTargets and Therapy 2017:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Therapeutic agents for lung cancer

Xenograft model

Eight-week-old male athymic immunodeficient BALB/c
nude mice were purchased from the Shanghai Laboratory
Animal Center. TSA (0.3 uM) and 5-AZA (5 uM) treated or
untreated NCI-H1975 (5x107) cells were injected subcutane-
ously into the left flank of the mice.

Statistical analysis

Gene expression at the mRNA level was presented as the
mean * SD. The Student’s #-test was used to compare the
expression differences between the control and drug groups.
All data were analyzed by the SPSS package for Windows
(Version 18.0, SPSS Inc., Chicago, IL, USA). P<<0.05 was
considered statistically significant.

Results
Effects of 5-AZA and TSA on
the proliferation and viability of

lung cancer cells

We evaluated the effects of 5-AZA and TSA on human lung
cancer cells by analyzing cell proliferation and viability.
5-AZA did not affect the viability of NCI-H1975 cells at
day 2. Interestingly, 10 uM of 5-AZA seemed to promote
the proliferation of NCI-H1975 cells. However, at day 3,
5-AZA exhibited evident inhibition of NCI-H1975 cell
proliferation. TSA inhibited the growth of NCI-H1975 cells
at 24 h, and further decreased growth at 48 h. Similar inhibi-
tory effects were also observed in NCI-H1299 cells with the
application of 5-AZA and TSA. The decrease in NCI-H1975
cells’ growth was approximately 30% during treatment with
5 uM 5-AZA for 72 h or 0.3 uM TSA for 24 h. Hence, these
were set as the optimal doses for all further experiments
(Figure 1).

Changes in expressions of anti-oncogenes
After determining the appropriate doses of 5-AZA and TSA,
we further analyzed the effects of 5-AZA and TSA on lung
cancer cells. We screened previously reported molecules
targeted by epigenetic modifications which were involved
in tumorigenesis. TFF1 and VCAM1 were detected at sig-
nificantly increased levels compared to those in the control
groups. Next, we examined changes in expressions of the
upstream signaling molecules which modulate TFF1 and
VCAMLI levels. Our data suggested that the expressions of key
molecules in the AKT1 signaling pathway were influenced by
5-AZA and TSA. Furthermore, the mRNA expression of 7FF/
and VCAM1 genes were evidently increased (Figure 2).

TSA and 5-AZA decreased the
tumorigenic ability of NCI-H1975 cells

in vivo

Next, we observed the effects of TSA and 5-AZA on the
tumorigenic ability of NCI-H1975 cells in nude mice. The
xenograft model was observed at 8 days post-injection in
the control group, while in the TSA- and 5-AZA-treated
group, the tumor did not appear until 14 days post-injection.
Specimens were harvested at 28 days post-injection. Treat-
ment with TSA and 5-AZA significantly inhibited the tumor
volume (Figure 3).

Discussion

According to histological analysis, lung cancer is classified as
small-cell lung carcinoma and non-small-cell lung carcinoma
(NSCLC), which has three main subtypes: adenocarcinoma,
squamous-cell carcinoma, and large-cell carcinoma. Various
alterations which drive tumorigenesis are involved in the
development of lung cancer, which is a molecularly complex
and heterogencous disease. In addition to DNA sequence
alterations and copy number alterations, epigenetics also
plays a powerful role in cancer development.

Although recent studies have demonstrated that adjuvant
chemotherapy improved the survival rate in completely
resected NSCLC patients, only a small fraction of the
treated individuals ultimately benefited from it.'* Limited
understanding of the molecular mechanisms underlying
lung carcinogenesis has hindered the application of effec-
tive and specific therapeutic reagents. Improvements in our
knowledge of molecular alterations at the genetic, epigenetic,
and protein level have the potential to influence lung cancer
diagnosis and treatment. Gene-specific epigenetic modifica-
tions have been reported with high frequency in lung tumors.
Therefore, it would be advantageous to investigate the cel-
lular consequences of normal and aberrant epigenetics in
lung tumors.

In premalignant and malignant states, promoter methy-
lation is commonly observed in genes involved with cru-
cial functions, including cell cycle control, proliferation,
apoptosis, cell adhesion, motility, and DNA repair.’* DNA
methylation at CpG dinucleotides in gene promoter regions is
amajor mechanism of regulating gene expression. A number
of novel tumor suppressor genes have been found which were
inactivated by promoter hypermethylation. Genome-wide
DNA methylation profiling of NSCLC has been used to iden-
tify the increased promoter methylation levels.'® More than
30% of lung cancer patients have promoter hypermethylation
of the RASSF1A4 gene.'” Promoter methylation of the ESR]
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Figure | The effect of 5-AZA and TSA on the growth and viability of human lung cancer cells’ growth and viability.

Notes: (A) 5-AZA inhibited the viability of NCI-H1975 and NCI-H1299 cells at days 2 and 3. Cells were treated with 0, 0.1, I, 5, 10, and 20 uM 5-AZA. (B) 5-AZA inhibited
the proliferation of NCI-H1975 and NCI-H 1299 cells at day 3. (C) TSA decreased the viability of NCI-H1975 and NCI-H1299 cells at day 2. (D) TSA decreased the growth
of NCI-H1975 and NCI-H1299 cells at days 2 and 3. (E) The joint application of 5-AZA and TSA significantly inhibited the viability of NCI-HI975 and NCI-H1299 cells.

*P<0.05, **P<0.01. N=3.
Abbreviations: 5-AZA, azacitidine; Rel, relative; TSA, trichostatin A.

gene has been associated with stage  NSCLC, which suggests
that it may be involved in tumorigenesis.'®* HDACs are also
overexpressed in lung cancer.'”?® These hypermethylated
tumor suppressor genes associated with lung cancer are also
frequently hypermethylated in other types of tumors.?!

The fact that epigenetic processes can be reverted,
provides the rationale for using chromatin re-modeling
agents to restore the normal expression of anti-oncogenes.
The successful treatment of myelodysplastic syndromes
(MDS) with DNMT inhibitors, AZA, and decitabine,
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warrants increased attention to their epigenetic roles in
tumorigenesis and treatment. AZA, a demethylating agent,
is the first therapeutic agent demonstrated to have a verified
survival benefit for patients with MDS.?> AZA is one of the
few epigenetic medicines which have been approved by
the US Food and Drug Administration for routine clinical
treatment.” However, in several solid tumor malignancies,
the application of AZA showed varying results. Neverthe-
less, the recent preclinical success of inhibitors of BRD4, an
acetyl-lysine chromatin-binding protein, has made epigenetic
cancer therapies more promising.*** The synergy between
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Figure 3 TSA and 5-AZA decreased the tumorigenic ability of NCI-H 1975 cells in vivo.

Abbreviations: 5-AZA, azacitidine; TSA, trichostatin A.

DNA methylation and histone modifications may begin in
the early stages of tumorigenesis.?*?’ Therefore, applying a
combination of drugs inhibiting both these processes may
work better than application of a single drug. In this study,
we observed that 5-AZA and/or TSA treatments could inhibit
tumor cell proliferation. The combination of these two
drugs was more effective and produced better results than
those with single drug treatment. The co-treatment induced
significant upregulation of the tested genes. Decreased cell
viability and increased anti-oncogene expression aids in the
suppression of tumor growth. TFF1 is one of the trefoil factor
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family members which contain a trefoil domain with cysteine
residues and disulfide bridges. It is an epithelial protector and
can restitute mucous membranes.?®*% It was reported as an
effective marker which distinguished lung carcinoma from
breast carcinoma.*® In lung cancer, TFF1 was found to be
associated with improved survival of patients.’! Therefore,
lung cancer patients may benefit from the increased TFF1
levels caused by using 5-AZA and TSA. However, further
study is needed to validate this hypothesis.

In summary, our study suggests that the combined appli-
cation of 5-AZA and TSA may be a promising therapeutic
strategy for lung cancer. Expanding our understanding of how
epigenetic events result in the genesis of lung cancer, and the
application of this understanding to clinical treatments, will
enhance our ability to properly and effectively manage lung
cancer and, ultimately, to reduce the heavy global burden of
this devastating disease in the future.
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