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Abstract: Non-small-cell lung cancer (NSCLC) is one of the most common human cancers in the world that causes
the most common cancer-related mortality in the world. Evidences have showed that Tunicamycin could inhibit
growth of NSCLC through promoting apoptosis of NSCLC cells. However, underlying antitumor mechanism mediated
by Tunicamycin is poorly understood so far in NSCLC cells. In the present study, tumor-inhibited efficacy and the
anti-tumor molecular mechanism of Tunicamycin was investigated both in Non-small-cell lung cancer cells (NSCLCs)
and xenografted mice. Tunicamycin exhibited cytotoxicity in A549 NSCLCs, which led to cellular atrophy and growth
inhibition. Results showed that Tunicamycin inhibited migration and invasion through decreasing expression levels
of vimentin, fibronectin and E-cadherin in A549 NSCLCs. Consistently, Tunicamycin significantly promoted apoptosis
of A549 NSCLCs by up-regulation of cleaved PARP, activated caspase 9/3 and Bax and attenuating the expression
of cyclin D1 and cyclin D2 in A549 NSCLCs. Notably, Tunicamycin increased expression levels of C/EBP homologous
protein (CHOP) IRE1a, ATF6 and p-elF2 in progression of endoplasmic reticulum stress, which resulted in apoptosis
in A549 NSCLCs. Mechanism analysis showed that knockdown of CHOP expression blocked Tunicamycin-mediated
apoptotic activity in A549 NSCLCs. In vivo assay showed that Tunicamycin treatment significantly inhibited NSCLCs
growth and prolonged survival of tumor-bearing mice. Overall, these findings indicate that Tunicamycin can induce
NSCLC apoptosis through CHOP activation-mediated endoplasmic reticulum stress, which provide scientific evi-
dences and suggest that Tunicamycin can serve as anti-cancer agent in the treatment of NSCLC.

Keywords: NSCLC, Tunicamycin, apoptosis, CHOP

Introduction

Non-small cell lung cancer (NSCLC) is one of
the most common human cancers and famous
for rapidly growth, easily migration, invasion
and reoccurrence. Previous study has reported
that tumor growth migration and invasion of
NSCLC are the most important features in
tumor metastasis, development and reoccur-
rence [1]. Currently, NSCLC occurrence has
been closed to outbreak period duo to indus-
trial pollution and destruction of the ecological
environment in last century [2, 3]. NSCLC
includes adenocarcinoma, large cell carcinoma
and squamous cell carcinoma that is also the
most frequent type of lung cancer and accounts
for approximate 80% in the whole lung cancer
cases [4-6]. Despite more and more therapeu-

tic improvements for NSCLC were put forward,
the poor survival rate of patients with NSCLC
was less than 15 percent in the overall 5 years,
which makes greatest trouble for critical clinical
problem [5, 7, 8]. In addition, migration and
invasion of NSCLC is the chief culprits for poor
survival rate in during treatment and recur-
rence for patient with NSCLC [9, 10]. Further-
more, NSCLC is one of the most common malig-
nant lung tumors that has become a major
public health problem and the leading cancer-
cause of cancer-related mortality in the world
[11]. Statistics has revealed that approximate
75% patients have been diagnosed in middle-
late stage NSCLC, which presents lower 5-year
survival rate [12]. In recent years, Tunicamycin
has exhibited anti-cancer effects through regu-
lation of apoptosis-related signal pathway in
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many tumor cells [13]. However, the potential
mechanisms of Tunicamycin-induced apoptosis
have not been well understood in NSCLCs.
Therefore, inhibition of migration and invasion
of NSCLC is an efficient and hopeful therapeu-
tic schedule for cancer patients [14, 15].

Tunicamycin is nucleotide antibiotic produced
by Streptomyces lysosuperficus that has been
widely used to inhibit breeding of the virus by
inhibition of synthesis of glycoprotein sugar
chain in the generation of lipid intermediate
[16]. In recent year, Tunicamycin presents anti-
tumor effects by inhibiting tumor cells growth
and promoting apoptosis of tumor cells [17,
18]. Kim et al have showed that Tunicamycin
could induce paraptosis potentiated by inhibi-
tion of BRAFV60OOE in FRO anaplastic thyroid
carcinoma cells [19]. Balogh and his colleagues
have suggested that Tunicamycin inducing
apoptosis by overexpression of CREB protein
contributes to tumor inhibition both in vitro and
in vivo [20]. Jiang et al also have showed that
Tunicamycin sensitizes human melanoma cells
to tumor necrosis factor-related apoptosis-
inducing ligand-induced apoptosis by up-regu-
lation of TRAIL-R2 via the unfolded protein
response and suggested that Tunicamycin can
induce ER stress-mediated apoptosis by up-
regulation of TRAIL-R2 expression in melanoma
cells [21].

Currently, reports have showed that endoplas-
mic reticulum stress is associated with apopto-
sis of tumor cells through regulation of chaper-
ones and oxidoreductases enter retrograde
trafficking in various malignant cells [22]. Pre-
vious study has revealed that endoplasmic re-
ticulum plays an important role in tumor immu-
nity [23]. In addition, Arya et al have provided
that novel evidence of endoplasmic reticulum
specific localization of Hsp60 during apoptosis
both in vitro and in vivo [24]. Furthermore,
Giordano et al have indicated that Tunicamycin
could induce endoplasmic reticulum stress in
human hepatocarcinoma cells, which further
inhibited growth of breast cancer cells [25].
Moreover, study has revealed that Tunica-
mycin enhances the apoptosis induced by
tumor necrosis factor-related apoptosis-induc-
ing ligand in endometriotic stromal cells in
human prostate cancer cells [20]. These results
suggest that Tunicamycin contributes to inhibi-
tion of tumor cells growth and promotion of
apoptosis.
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In this study, we investigated the efficacy of
Tunicamycin for NSCLCs growth and aggres-
siveness. To study the molecular mechanism
involved in the proapoptosis effects of Tuni-
camycin, we analyzed Tunicamycin-mediated
changes of endoplasmic reticulum stress in
NSCLC cells and a mouse model. Here, we ana-
lyzed anti-tumor effects of Tunicamycin in xeno-
grafted mice, and show it leads to NSCLC apop-
tosis and inhibition of tumor growth.

Materials and methods
Ethic statement

This study was carried out in strict accordance
with the recommendations in the Guide for the
Care and Use of Laboratory Animals of Tianjin
Hospital. All experimental protocols and ani-
mals were performed in accordance with
National Institutes of Health and approved by
Committee on the Ethics of Tianjin Hospital.

Cells and reagents

A549 cells were purchased from American
Type Culture Collection (ATCC). Cells were cul-
tured in DMEM (Sigma-Aldrich) medium (Gibco,
CA, USA) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen, CA, USA). All cells were
cultured in a 37°C humidified atmosphere of
5% CO,,.

MTT assay

A549 cells were incubated with Tunicamycin
(0.50-2.50 mg/ml) in 96-well plates for 24, 48,
72 and 96 hours in triplicate for each condition
with PBS as control. After the indicated time
and dosage incubation, 20 pl of MTT (5 mg/ml)
in PBS solution was added to each well, the
plate was further incubated for 4 hours. Most
of the medium was removed and 100 pl of
DMSO was added into the wells to solubilize the
crystals. The OD was measured by a BIO-RAD
(ELISA) reader at wavelength of 450 nm.

Cells invasion and migration assays

A549 cells were incubated with Tunicamycin
(0.20 mg/ml). For invasion assay, A549 cells
were suspended as a density of 1 x 10°in 500
pl in serum-free DMEM. Cells were subjected to
the tops of BD BioCoat Matrigel Invasion
Chambers (BD Biosciences) according to the
manufacturer’'s instructions. For migration
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assay, cells were subjected to a control insert
(BD Biosciences) instead of a Matrigel Invasion
Chamber. The tumor cells migration and inva-
sion were counted in at least three randomly
stain-field microscope every membrane.

Transfection of small interference RNA (Si-
RNA)

All siRNAs were synthesized by Invitrogen
(Shanghai, China) including Si-RCHOP (Kd-
CHOP, sense, 5-GAGCUCUGAUUGACCGAAU-3’,
antisense, 5-CUCGAGACUAACUGGCUUA-3’) or
Si-RNA-vector (sense, 5-GCAGUUGUACCAUGC-
AUUA-3’, antisense, 5’-CGUCAACAUGGUACGUA-
AU-3’). A549 cells (1 x 10°) were transfected
with 100 pmol of Si-RCHOP targeting CHOP
(Applied Biosystems) with Si-RNA-vector as
control (Applied Biosystems) by using a Cell
Line Nucleofector kit L (Lonza).

Apoptosis assay

A549 cells were grown at 37°C with 5% CO,
until 90% confluence was formated. Apoptosis
was assessed by incubation these cells with
Tunicamycin (0.20 mg/ml) for 24 hours. After
incubation, the tumor cells were trypsinized
and collected. The cells were then washed in
cold PBS, adjusted to 1 x 10° cells/mL with
PBS, labeled with annexin V-FITC and PI
(Annexin V-FITC Kit, BD), and analyzed with a
FACScan flow cytometer (BD). The treatments
were performed in triplicate, and the percent-
age of labeled cells undergoing apoptosis in
each group was determined and calculated.

Animal study

Specific pathogen-free male Balb/c (eight
weeks old) nude mice were purchased from
Slack co., LTD (Shanghai, China). All rats were
housed in a temperature-controlled environ-
ment (23+£2°C) with 12 h light/12 h dark cycles.
All mice were free access to food and water.
Nude mice were implanted A549 cells into
lamosina and were divided into two groups (n =
40 in each group). Treatments were initiated on
day 6 after tumor implantation (diameter: 5-6
mm). Tumor-bearing mice were intravenously
injected Tunicamycin (6 mg/kg) as PBS as con-
trol. The treatment was continued 14 times
once time a day. The tumor volumes were cal-
culated according to previous study [26].

5312

Western blotting

A549 NSCLCs and tumors were homogenized
in lysate buffer containing protease-inhibitor
and were centrifuged at 2000x g at 4°C for 10
min. The supernatant of mixture were used
for analyzing purpose protein. The purpose pro-
tein expression levels were incubated with rab-
bit anti-mouse primary antibodies: cyclin D1
(1:2000, ab134175, Abcam) and cyclin D2
(1:1000, ab81359, Abcam), vimentin (1:1000,
ab28028, Abcam), fibronectin (1:1000, ab19-
4395, Abcam), E-cadherin (1:1000, ab133597,
Abcam), PAPR (1:1000, ab144322, Abcam),
Bad (1:1000, ab90435, Abcam), Suvrvivin
(1:1000, ab203571, Abcam), P53 (1:1000, ab-
1431, Abcam), Caspase-3 (1:1000, ab13847,
Abcam), Caspase-8 (1:1000, ab108333, Ab-
cam), Caspase-9 (1:1000, ah202068, Abcam),
Bax (1:1000, ab32503, Abcam), Bim (1:1000,
ab32158, Abcam), Bid (1:1000, ab62469, Ab-
cam), Bax (1:1000, ab32503, Abcam), PERK
(1:1000, ab217322, Abcam), CHOP (1:1000,
ab11419, Abcam), elF2a (1:1000, ab5369,
Abcam), B-actin (1:1000, ab8226, Abcam) for
western blotting. HRP-conjugated 1gG (PV-
6001, ZSGB-BIO, Beijing, China) were added
after blocking (5% skimmed milk) for 1 hours at
37°C and then were visualized by using chemi-
luminescence detection system.

Immunohistochemistry and immunofluores-
cence

NSCLC tumors from xenograft mice were fixed
by using formaldehyde (10%) followed with
embed in paraffin. Tumor tissues were fabri-
cated to tumor sections. Antigen retrieval was
performed in tumor sections and the sections
were incubated with primary antibodies. Then,
appropriate secondary antibodies were applied
for specimens and specimens were visualiz-
ed. A Ventana Benchmark automated staining
system was used for observation of caspase-
9, caspase-8, pro-caspase-3, TUNEL, ATF-6,
CHOP and elF2a in tumor tissues. For immuno-
fluorescence, red fluorescent protein-labeled
Apaf-1 or Cyto ¢ (QIAGEN, Gaithersburg, MD)
were used to incubate A549 cells and washed
with PBS three times. Expression levels Apaf-1
or Cyto ¢ were analyzed by fluorescence micro-
scope (Canon, Japanese).

Statistical analysis

All date were expressed as mean and SD of trip-
licate dependent experiments and analyzed by
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Figure 1. Effects of Tunicamycin on growth and aggressiveness of NSCLCs. (A) Tunicamycin inhibits growth in a dose-dependent manner. (B) Tunicamycin inhib-
its growth in a time-dependent manner. (C) Expression levels of cyclin D1 and cyclin D2 in A549 NSCLCs after Tunicamycin treatment. (D-E) Inhibitory effects of
Tunicamycin on migration (D) and invasion (E) of NSCLCs. (F) Expression levels of metastasis-related vimentin, fibronectin and E-cadherin in A549 NSCLCs after
Tunicamycin treatment.
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Figure 2. Tunicamycin induces apoptosis of NSCLCs through mitochondrial apoptosis signaling pathway. A: Affection
of Tunicamycin on cellular atrophy of A549 NSCLCs determined by morphological analysis. B: Tunicamycin promotes
apoptosis of NSCLCs. C: Expression levels of cleaved PARP and Bad in A549 NSCLCs after Tunicamycin treatment.
D: Expression levels of Apaf-1 and Cyto ¢ in A549 NSCLCs after Tunicamycin treatment determined by immunofluo-
rescence. E: Analysis of mitochondria damage in A549 NSCLCs after Tunicamycin treatment. F: Expression levels of
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Survivin and P53 in A549 NSCLCs after Tunicamycin treatment determined by Western blot.

using student t tests or one-way ANOVA (Tukey
HSD test). All data were analyzed using Graph-
Pad software 5.0 (GraphPad Software, Inc., La
Jolla, CA, USA). *P < 0.05 and **P < 0.01 were
considered statistical differences.

Results

Tunicamycin inhibits growth and aggressive-
ness of NSCLCs

To clarify the inhibitory effects of Tunicamycin
on NSCLCs, we detected growth and aggres-
siveness of A549 cells after incubation with
Tunicamycin. Results demonstrated that Tuni-
camycin inhibited A549 cells in dose (0.50-
2.50 mg/ml) and time-dependent (24-96
hours) manner in vitro (Figure 1A, 1B). Experi-
ments revealed that 2.0 mg/ml of Tunicamycin
could significantly suppressed A549 cells
growth and reached maximum inhibition. Wes-
tern blot showed that Tunicamycin markedly
inhibited cyclin D1 and cyclin D2 expression in
A549 NSCLCs (Figure 1C). Migration and inva-
sion assays showed that Tunicamycin (2.00
mg/ml) significantly inhibited aggressiveness
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of A549 cells (Figure 1D, 1E) compared to con-
trol group. We also indicated that Tunicamycin
decreased expression levels of metastasis-
related vimentin, fibronectin and E-cadherin in
A549 NSCLCs (Figure 1F). These results indi-
cate that Tunicamycin (2.00 mg/ml) could sig-
nificantly inhibit NSCLCs growth and aggres-
siveness in vitro.

Tunicamycin promotes apoptosis of NSCLCs
through mitochondrial apoptosis signaling
pathway

To test if Tunicamycin can positively promoted
tumor cells apoptosis, we analyzed apoptotic
rate and apoptosis-related protein expression
in A549 NSCLCs induced Tunicamycin (2.00
mg,/ml) for 48 hours. We observed that Tunica-
mycin induced cellular atrophy of A549 NSCLCs
determined by morphological analysis (Figure
2A). As shown in Figure 2B, apoptosis rate of
A549 NSCLCs was promoted by Tunicamycin
compared to control. Western blot showed
that Tunicamycin administration up-regulated
cleaved PARP and Bad in A549 NSCLCs (Figure
2C). Immunofluorescence assays demonstrat-
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Figure 3. Tunicamycin activates apoptosis of NSCLC by caspase pathway under the regulation of Bcl-2 family proteins. A: Catalytic activity of caspase-9, caspase-8
and caspase-3 in A549 NSCLCs after Tunicamycin treatment determined by colorimetric assays. B: Expression levels of caspase-9, caspase-8 and caspase-3 in
A549 NSCLCs after Tunicamycin treatment determined by Western blot. C: Expression levels of Bad, Bak, Bax, Bim and Bid in A549 NSCLCs treated by Tunicamy-
cin. D: Effects of pan-caspase inhibitor (Z-VAD-FMK) on caspase-9, cleaved caspase-8 and cleaved caspase-3 proteins in A549 NSCLCs. E: Effects of pan-caspase
inhibitor (Z-VAD-FMK) on Tunicamycin-induced apoptosis in A549 NSCLCs. F: Effects of pan-caspase inhibitor (Z-VAD-FMK) on expression levels of Survivin and P53

in A549 NSCLCs.
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Figure 4. Tunicamycin induces apoptosis through CHOP activation-mediated endo-
plasmic reticulum stress in NSCLCs. A: Expression levels of PERK, elF2a, and CHOP
in A549 NSCLCs after Tunicamycin treatment. B: Effects of Tunicamycin on phosphor-
ylation levels of elF2a in A549 NSCLCs. C: Effects of Tunicamycin on PERK activity in
A549 NSCLCs. D: knockdown of CHOP (Kd-CHOP) inhibited Tunicamycin-up-regulated
PERK activity in A549 NSCLCs. E: Effects of Kd-CHOP on expression levels of cleaved
caspase-9, cleaved caspase-8 and cleaved caspase-3 proteins in A549 NSCLCs. F:
Effects of Kd-CHOP on Tunicamycin-induced apoptosis in A549 NSCLCs.
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ed that Apaf-1 and Cyto ¢ expression levels
were up-regulated by Tunicamycin administra-
tion in A549 NSCLCs (Figure 2D). As shown in
Figure 2E, the ratio of green to red of JC-1 fluo-
rescence was increased after being treated
with Tunicamycin for 48 hours compared to
control, which could further led to mitochondria
damage. We also found that anti-apoptosis
gene expression levels of Survivin and P53
were decreased in Tunicamycin-treated A549
NSCLCs (Figure 2F). These results suggest that
Tunicamycin could induce apoptosis of NSCLCs
through mitochondrial apoptosis signaling
pathway.

Tunicamycin activates caspase pathway under
the regulation of Bcl-2 family proteins

Previous reports have indicated that caspase
family plays crucial roles in the induction of
apoptosis [27]. To identify whether caspases
were involved in Tunicamycin-mediated apop-
totic machinery, we measured the catalytic
activity and expression of caspase-9, cas-
pase-8 and caspase-3 by colorimetric assays
and Western blot, respectively. As shown in
Figure 3A, 3B, the results demonstrated that
Tunicamycin increased the catalytic activity
and expression of cleaved PARP, cleaved cas-
pase-9, cleaved caspase-8 and cleaved cas-
pase-3 proteins in A549 NSCLCs. We observed
that expression levels of Bad, Bak, Bax, Bim
and Bid were up-regulated by Tunicamycin in
A549 NSCLCs (Figure 3C). Mechanism analysis
showed that pan-caspase inhibitor (Z-VAD-
FMK) could prevent up-regulation of cleaved
caspase-9, cleaved caspase-8 and cleaved
caspase-3 proteins in Ab549 NSCLCs and
blocked Tunicamycin-induced apoptosis (Fig-
ure 3D, 3E). Western blot showed that expres-
sion levels of decreasing of Survivin and P53
induced by unicamycin were impeded by Z-VAD-
FMK in A549 NSCLCs (Figure 3F). These results
suggest that Tunicamycin induces apoptosis by
activation of caspase pathway under the regu-
lation of Bcl-2 family proteins in A549 NSCLCs.

Effects of Tunicamycin on CHOP activation-
mediated endoplasmic reticulum stress in
NSCLCs

To investigate Tunicamycin-induced apoptosis
of NSCLCs, CHOP activation-mediated endo-
plasmic reticulum stress was analyzed in A549
NSCLCs. As shown in Figure 4A, Tunicamycin
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increased PERK, elF2a, and CHOP protein
expression levels in A549 NSCLCs. We demon-
strated that phosphorylation levels of elF2a
were up-regulated by Tunicamycin in A549 NS-
CLCs (Figure 4B). PERK activity was increased
by Tunicamycin administration in A549 NSCLCs
(Figure 4C). We observed that knockdown of
CHOP (Kd-CHOP) abolished Tunicamycin-up-
regulated PERK activity in A549 NSCLCs (Fig-
ure 4D). As illustrated in Figure 3E, Kd-CHOP
decreased expression levels of cleaved cas-
pase-9, cleaved caspase-8 and cleaved cas-
pase-3 proteins in A549 NSCLCs. Additionally,
apoptosis induced by Tunicamycin were can-
celed by Kd-CHOP in A549 NSCLCs (Figure 4F).
These results indicate that Tunicamycin induc-
es apoptosis through up-regulation of CHOP
activation-mediated endoplasmic reticulum
stress in NSCLCs.

In vivo anti-tumor efficacy of Tunicamycin in
tumor-bearing mice

Anti-NSCLC tumor activity of Tunicamycin was
further analyzed in tumor-bearing mice. Our
data showed that Tunicamycin administration
significantly inhibited tumor growth in 30-day
short term observation compared to PBS-
treated xenografted mice (Figure 5A). TUNEL
assays revealed that Tunicamycin treatment
increasing production of apoptotic bodies in
tumors (Figure 5B). Immunohistochemistry
showed that expression levels of caspase-3,
caspase-8 and caspase-9 were up-regulated in
tumors after treatment with Tunicamycin
(Figure 5C). We also observed that expression
and phosphorylation levels of elF2a were up-
regulated by Tunicamycin treatment in tumors
compared to PBS group (Figure 5D). Immuno-
histochemistry also identified that ATF-6 and
CHOP expression levels were increased by Tuni-
camycin treatment in tumor in A549-bearing
mice. Immunohistochemistry for caspase-3
and caspase-8 showed that Calotropin signifi-
cantly promoted these tumor-apoptosis mark-
ers in experimental mice (Figure 5E). Long-term
observation showed that Tunicamycin treat-
ment significantly prolonged survival of tumor-
bearing mice (Figure 5F). These results sug-
gest that Tunicamycin treatment could inhibit
tumor growth and prolong survival rate of
A549-bearing mice.

Discussion

In the current study, the anti-NSCLC effects of
Tunicamycin were investigated in NSCLCs and
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Figure 5. In vivo anti-tumor efficacy of Tunicamycin in tumor-bearing mice. A: Tunicamycin inhibits tumor growth in 30-day short term observation compared to PBS-
treated xenografted mice. B: Tunicamycin induces production of apoptotic bodies in tumors. C: Immunohistochemistry analyzes expression levels of pro-caspase-3,
caspase-8 and caspase-9 in tumors after treatment with Tunicamycin. D: Expression and phosphorylation levels of elF2a in Tunicamycin-treated tumors. E: Im-
munohistochemistry analyzes ATF-6 and CHOP expression levels in Tunicamycin-treated tumors. F: Tunicamycin treatment prolongs survival of tumor-bearing mice.
P** < 0.01.
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NSCLCs-bearing xenografted mice. Tunica-
mycin-mediated apoptotic signal pathways
were also analyzed in A549 NSCLCs. The exper-
imental results have demonstrated that Tuni-
camycin inhibits growth and aggressiveness of
NSCLCs by suppressing fibronectin, vimentin
and E-cadherin expression levels in A549
NSCLCs. The findings identified and defined
Tunicamycin promotes apoptosis through cas-
pase pathway-induced CHOP activation-medi-
ated endoplasmic reticulum stress in NSCLCs.

Systematic review and meta-analysis have
demonstrated that anti-cancer-induced apop-
tosis contribute to inhibition of NSCLC growth
and aggressiveness [28, 29]. Report has
showed that accelerates cyclin D1 degradation
contributes to cell cycle arrest in colorectal
cancer and mantle cell ymphoma models [30].
Russo et al have showed that ERK1/2 could
activate Cyclin D2-derived peptide acts on spe-
cific cell cycle to lead to breast cancer cells
death [31]. Our results have showed that Tuni-
camycin inhibits growth and aggressiveness of
NSCLCs and decreased cyclin D1 and cyclin D2
expression in A549 NSCLCs, which may con-
tribute to arrest A549 cells cycle [32, 33]. Res-
ults in this study have showed that Tunicamycin
down-regulated expression levels of fibronec-
tin, vimentin and E-cadherin in A549 NSCLCs
that which have been reported to inhibit tumor
migration and invasion [34, 35]. Tunicamycin
down-regulating fibronectin, vimentin and
E-cadherin expression in Ab49 NSCLCs may
serve as an activator of gene transcription to
inhibit tumor cell survival and invasion [36].

In this study, caspase signal pathway also was
activated by Tunicamycin treatment in A549
NSCLCs. Activation of caspase signal pathway
contributes to chemo-, radio- and bio-therapeu-
tic regimens to Kill tumor cells by inducing
apoptosis, which is a cell-death procedure and
involves in the activation of apoptotic signal
molecules in tumor cells [37]. In this study, our
findings suggest that Tunicamycin increases
the catalytic activity and expression of cleaved
PARP, cleaved caspase-9, cleaved caspase-8
and cleaved caspase-3 proteins in A549 NSC-
LCs. Up-regulation of caspase signal pathway
promotes A549 NSCLCs apoptosis and further
leads to growth inhibition both in vitro and in
vivo. Data also demonstrate that expression
levels of Survivin and P53 could be decreased
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by Tunicamycin in A549 NSCLCs, and these
benefits can be abolished by pan-caspase
inhibitor (Z-VAD-FMK) [38, 39].

In this study, we analyzed the therapeutic impli-
cations of Tunicamycin and these findings indi-
cate that Tunicamycin markedly induces apop-
tosis through up-regulation of CHOP activation-
mediated endoplasmic reticulum stress in
NSCLCs. A large numbers of studies have been
reported the function of CHOP in endoplasmic
reticulum stress-mediated apoptosis in tumor
cells [40]. A study has demonstrated that PERK
acting as a pro-adaptive protein kinase can be
regulated indirectly by protein misfolding within
the ER, who further contributes to tumor pro-
gression and represents a significant therapeu-
tic target [41]. Another study has showed that
increasing of PERK/elF2alpha/ATF4/CHOP sig-
naling pathway enhances apoptotic cell death
in tumor progression during endoplasmic retic-
ulum stress, which provides promising anti-
tumor therapeutic agents for human cancer
[42]. Additionally, Petiwala et al have suggested
that modulating CHOP expression has been
identified to promote apoptosis and death and
inhibit xenograft tumor growth [43]. Our results
demonstrated that Kd-CHOP abolished Tuni-
camycin-up-regulated PERK activity, expres-
sion levels of cleaved caspase-9, cleaved cas-
pase-8 and cleaved caspase-3, as well as
apoptosis, which contributes to anti-tumor effi-
cacy and long-term survival of tumor-bearing
mice.

In conclusion, our findings indicate that Tunica-
mycin treatment activates pro-apoptosis gene
expression and stimulates caspase pathway
under the regulation of Bcl-2 family proteins
(Bad, Bak, Bax, Bim and Bid) in NSCLC. We
described Tunicamycin administration signifi-
cantly inhibits the growth and aggressiveness
and induces apoptosis of NSCLCs in vitro. The
apoptotic mechanism was related to the
Tunicamycin-mediated endoplasmic reticulum
stress-induced intrinsic mitochondrial apoptot-
ic pathways in NSCLCs. This study exhibits a
clearly mechanism of the increasing CHOP
activity stimulated by Tunicamycin, provides
potential therapeutic strategy for the treatment
of NSCLC.

Disclosure of conflict of interest

None.

Int J Clin Exp Med 2018;11(5):5310-5322



Tunicamycin induces NSCLCs apoptosis

Address correspondence to: Bentong Yu, Depart-
ment of Cardiothoracic Surgery, The First Affiliated
Hospital of Nanchang University, No 17, Yongwai-
zheng Street, Nanchang 330006, China. Tel: +86-
0791-53746226; E-mail: tanxiaofengedu@163.com

References

(1]

(2]

(3]

(6]

(7]

(8]

(9]

DeCotiis C, Hu Y, Greenberg AK, Huie M, Tsay
JJ, Pass H, Goldberg JD and Rom WN.
Inflammatory cytokines and non-small cell
lung cancer in a CT-scan screening cohort:
background review of the literature. Cancer
Biomark 2016; 16: 219-33.

Keating GM. Nivolumab: a review in advanced
squamous non-small cell lung cancer. Drugs
2015; 75: 1925-1934.

van der Wekken AJ, Saber A, Hiltermann TJ,
Kok K, van den Berg A and Groen HJ. Resis-
tance mechanisms after tyrosine kinase inhibi-
tors afatinib and crizotinib in non-small cell
lung cancer, a review of the literature. Crit Rev
Oncol Hematol 2016; 100: 107-16.

Brody H. Lung cancer. Nature 2014; 513: S1.
Moro-Sibilot D, Smit E, de Castro Carpeno J,
Lesniewski-Kmak K, Aerts JG, Villatoro R,
Kraaij K, Nacerddine K, Dyachkova Y, Smith
KT, Girvan A, Visseren-Grul C and Schnabel PA.
Non-small cell lung cancer patients with brain
metastases treated with first-line platinum-
doublet chemotherapy: analysis from the
European FRAME study. Lung Cancer 2015;
90: 427-432.

Barnett SA, Downey RJ, Zheng J, Plourde G,
Shen R, Chaft J, Akhurst T, Park BJ and Rusch
VW. Utility of routine PET imaging to predict re-
sponse and survival after induction therapy for
non-small cell lung cancer. Ann Thorac Surg
2016; 101: 1052-9.

Xie FJ, Lu HY, Zheng QQ, Qin J, Gao Y, Zhang YP,
Hu X and Mao WM. The clinical pathological
characteristics and prognosis of FGFR1 gene
amplification in non-small-cell lung cancer: a
meta-analysis. Onco Targets Ther 2016; 9:
171-181.

Lim SH, Sun JM, Lee SH, Ahn JS, Park K and
Ahn MJ. Pembrolizumab for the treatment of
non-small cell lung cancer. Expert Opin Biol
Ther 2016; 16: 397-406.

Muller B, Bovet M, Yin Y, Stichel D, Malz M,
Gonzalez-Vallinas M, Middleton A, Enemann V,
Schmitt J, Muley T, Meister M, Herpel E, Singer
S, Warth A, Schirmacher P, Drasdo D, Matthaus
F and Breuhahn K. Concomitant expression of
far upstream element (FUSE) binding protein
(FBP) interacting repressor (FIR) and its splice
variants induce migration and invasion of non-
small cell lung cancer (NSCLC) cells. J Pathol
2015; 237: 390-401.

5320

(10]

(11]

[12]

(13]

(16]

(17]

(19]

[20]

Zhao Q, Yue J, Zhang C, Gu X, Chen H and Xu L.
Inactivation of M2 AChR/NF-kappaB signaling
axis reverses epithelial-mesenchymal transi-
tion (EMT) and suppresses migration and inva-
sion in non-small cell lung cancer (NSCLC).
Oncotarget 2015; 6: 29335-29346.
Magnuson WJ, Yeung JT, Guillod PD, Gettinger
SN, Yu JB and Chiang VL. Impact of deferring
radiation therapy in patients with epidermal
growth factor receptor-mutant non-small cell
lung cancer who develop brain metastases. Int
J Radiat Oncol Biol Phys 2016; 95: 673-9.
Sun G, Liu B, He J, Zhao X and Li B. Expression
of EGFR is closely related to reduced 3-Year
survival rate in Chinese female NSCLC. Med
Sci Monit 2015; 21: 2225-2231.

Huong PT, Moon DO, Kim SO, Kim KE, Jeong
SJ, Lee KW, Lee KS, Jang JH, Erikson RL, Ahn
JS and Kim BY. Proteasome inhibitor-l enhanc-
es tunicamycin-induced chemosensitization of
prostate cancer cells through regulation of NF-
kappaB and CHOP expression. Cell Signal
2011; 23: 857-865.

Lehman M. Improving therapeutic outcomes in
non-small cell lung cancer not suitable for cu-
rative intent therapy-a review of the role of ra-
diation therapy in an era of increasing system-
ic therapy options. Clin Oncol (R Coll Radiol)
2016; 28: 327-33.

Polo V, Zago G, Frega S, Canova F, Bonanno L,
Favaretto A, Bonaldi L, Bertorelle R, Conte P
and Pasello G. Non-small cell lung cancer in a
very young woman: a case report and critical
review of the literature. Am J Case Rep 2015;
16: 782-789.

Barba-Espin G, Dedvisitsakul P, Hagglund P,
Svensson B and Finnie C. Gibberellic acid-in-
duced aleurone layers responding to heat
shock or tunicamycin provide insight into the
N-glycoproteome, protein secretion, and endo-
plasmic reticulum stress. Plant Physiol 2014;
164: 951-965.

Giordano E, Davalos A, Nicod N and Visioli F.
Hydroxytyrosol attenuates tunicamycin-induc-
ed endoplasmic reticulum stress in human he-
patocarcinoma cells. Mol Nutr Food Res 2014;
58: 954-962.

Carlisle RE, Brimble E, Werner KE, Cruz GL, Ask
K, Ingram AJ and Dickhout JG. 4-Phenylbutyrate
inhibits tunicamycin-induced acute kidney in-
jury via CHOP/GADD153 repression. PLoS One
2014; 9: e84663.

Kim SH, Shin HY, Kim YS, Kang JG, Kim CS,
Ihm SH, Choi MG, Yoo HJ and Lee SJ. Tunica-
mycin induces paraptosis potentiated by inhi-
bition of BRAFVE0OOE in FRO anaplastic thyroid
carcinoma cells. Anticancer Res 2014; 34:
4857-4868.

Shiraishi T, Yoshida T, Nakata S, Horinaka M,
Wakada M, Mizutani Y, Miki T and Sakai T.

Int J Clin Exp Med 2018;11(5):5310-5322


mailto:tanxiaofengedu@163.com

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Tunicamycin induces NSCLCs apoptosis

Tunicamycin enhances tumor necrosis factor-
related apoptosis-inducing ligand-induced
apoptosis in human prostate cancer cells.
Cancer Res 2005; 65: 6364-6370.

Jiang CC, Chen LH, Gillespie S, Kiejda KA,
Mhaidat N, Wang YF, Thorne R, Zhang XD and
Hersey P. Tunicamycin sensitizes human mela-
noma cells to tumor necrosis factor-related
apoptosis-inducing ligand-induced apoptosis
by up-regulation of TRAIL-R2 via the unfolded
protein response. Cancer Res 2007; 67: 5880-
5888.

Gutierrez T and Simmen T. Endoplasmic reticu-
lum chaperones and oxidoreductases: critical
regulators of tumor cell survival and immuno-
recognition. Front Oncol 2014; 4: 291.
Eggleton P, Michalak M and Bremer E. Editorial:
endoplasmic reticulum and its role in tumor
immunity. Front Oncol 2015; 5: 252.

Arya RK, Singh A, Yadav NK, Cheruvu SH,
Hossain Z, Meena S, Maheshwari S, Singh AK,
Shahab U, Sharma C, Singh K, Narender T,
Mitra K, Arya KR, Singh RK, Gayen JR and
Datta D. Anti-breast tumor activity of Eclipta
extract in-vitro and in-vivo: novel evidence of
endoplasmic reticulum specific localization of
Hsp60 during apoptosis. Sci Rep 2015; 5:
18457.

Nami B, Donmez H and Kocak N. Tunicamycin-
induced endoplasmic reticulum stress reduc-
es in vitro subpopulation and invasion of
CD44+/CD24- phenotype breast cancer stem
cells. Exp Toxicol Pathol 2016; 68: 419-426.
Bai FL, Yu YH, Tian H, Ren GP, Wang H, Zhou B,
Han XH, Yu QZ and Li DS. Genetically engi-
neered Newcastle disease virus expressing in-
terleukin-2 and TNF-related apoptosis-induc-
ing ligand for cancer therapy. Cancer Biol Ther
2014; 15: 1226-1238.

Alabsi AM, Lim KL, Paterson IC, Ali-Saeed R
and Muharram BA. Cell cycle srrest and spop-
tosis induction via modulation of mitochondri-
al integrity by Bcl-2 family members and cas-
pase dependence in dracaena cinnabari-treat-
ed H400 human oral squamous cell carcino-
ma. Biomed Res Int 2016; 2016: 4904016.
Chatwichien J, Basu S, Budina-Kolomets A,
Murphy ME and Winkler JD. PUMA-dependent
apoptosis in NSCLC cancer cells by a dimeric
beta-carboline. Bioorg Med Chem Lett 2016;
26: 4884-4887.

Goke A, Goke R, Ofner A, Herbst A and Lankat-
Buttgereit B. The FGFR inhibitor NVP-BGJ398
induces NSCLC cell death by activating cas-
pase-dependent pathways as well as caspase-
independent apoptosis. Anticancer Res 2015;
35: 5873-5879.

Davis MI, Pragani R, Fox JT, Shen M, Parmar K,
Gaudiano EF, Liu L, Tanega C, McGee L, Hall

5321

(31]

[32]

(33]

(34]

(35]

(36]

(37]

(38]

[39]

MD, McKnight C, Shinn P, Nelson H,
Chattopadhyay D, D’Andrea AD, Auld DS,
DelLucas LJ, Li Z, Boxer MB and Simeonov A.
Small Molecule inhibition of the ubiquitin-spe-
cific protease USP2 accelerates cyclin D1 deg-
radation and leads to cell cycle arrest in
colorectal cancer and mantle cell lymphoma
models. J Biol Chem 2016; 291: 24628-
24640.

Russo LC, Araujo CB, Iwai LK, Ferro ES and
Forti FL. A Cyclin D2-derived peptide acts on
specific cell cycle phases by activating ERK1/2
to cause the death of breast cancer cells. J
Proteomics 2017; 151: 24-32.

Pereira RM, Ferreira-Silva GA, Pivatto M,
Santos Lde A, Bolzani Vda S, Chagas de Paula
DA, Oliveira JC, Viegas Junior C and lonta M.
Alkaloids derived from flowers of Senna spect-
abilis, (-)-cassine and (-)-spectaline, have anti-
proliferative activity on HepG2 cells for induc-
ing cell cycle arrest in G1/S transition through
ERK inactivation and downregulation of cyclin
D1 expression. Toxicol In Vitro 2016; 31: 86-
92.

Tang LJ, LiY, Liu YL, Wang JM, Liu DW and Tian
QB. USP12 regulates cell cycle progression by
involving c-Myc, cyclin D2 and BMI-1. Gene
2016; 578: 92-99.

Drebert Z, MacAskill M, Doughty-Shenton D,
De Bosscher K, Bracke M, Hadoke PW and
Beck IM. Colon cancer-derived myofibroblasts
increase endothelial cell migration by gluco-
corticoid-sensitive secretion of a pro-migratory
factor. Vascul Pharmacol 2017; 89: 19-30.
Kim CW, Go RE, Lee HM, Hwang KA, Lee K,
Kim B, Lee MY and Choi KC. Cigarette smoke
extracts induced the colon cancer migration
via regulating epithelial mesenchymal transi-
tion and metastatic genes in human colon can-
cer cells. Environ Toxicol 2017; 32: 690-704.
Knowles LM, Malik G and Pilch J. Plasma fibro-
nectin promotes tumor cell survival and inva-
sion through regulation of Tie2. J Cancer 2013;
4: 383-390.

Galluzzi L, Kepp O and Kroemer G. Caspase-3
and prostaglandins signal for tumor regrowth
in cancer therapy. Oncogene 2012; 31: 2805-
2808.

Gammazza AM, Campanella C, Barone R,
Caruso Bavisotto C, Gorska M, Wozniak M,
Carini F, Cappello F, D’Anneo A, Lauricella M,
Zummo G, Conway de Macario E, Macario AJ
and Di Felice V. Doxorubicin anti-tumor mecha-
nisms include Hsp60 post-translational modifi-
cations leading to the Hsp60/p53 complex
dissociation and instauration of replicative se-
nescence. Cancer Lett 2017; 385: 75-86.
Vickova K, Ondrusova L, Vachtenheim J, Reda
J, Dundr P, Zadinova M, Zakova P and Pouckova

Int J Clin Exp Med 2018;11(5):5310-5322



[40]

[41]

Tunicamycin induces NSCLCs apoptosis

P. Survivin, a novel target of the Hedgehog/GLI
signaling pathway in human tumor cells. Cell
Death Dis 2016; 7: e2048.

Prasad S, Yadav VR, Ravindran J and Aggarwal
BB. ROS and CHOP are critical for dibenzylide-
neacetone to sensitize tumor cells to TRAIL
through induction of death receptors and
downregulation of cell survival proteins.
Cancer Res 2011; 71: 538-549.

Pytel D, Majsterek | and Diehl JA. Tumor pro-
gression and the different faces of the PERK
kinase. Oncogene 2016; 35: 1207-1215.

5322

[42]

[43]

Rozpedek W, Pytel D, Mucha B, Leszczynska H,
Diehl JA and Majsterek I. The role of the PERK/
elF2alpha/ATF4/CHOP signaling pathway in
tumor progression during endoplasmic reticu-
lum stress. Curr Mol Med 2016; 16: 533-544.
Petiwala SM, Berhe S, Li G, Puthenveetil AG,
Rahman O, Nonn L and Johnson JJ. Rosemary
(rosmarinus officinalis) extract modulates
CHOP/GADD153 to promote androgen recep-
tor degradation and decreases xenograft tu-
mor growth. PLoS One 2014; 9: e89772.

Int J Clin Exp Med 2018;11(5):5310-5322



