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TMEM100 induces cell death in non-small cell lung
cancer via the activation of autophagy and apoptosis
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Abstract. Lung cancer is one of the most malignant type of
tumors worldwide. Non-small cell lung cancer (NSCLC), which
is the most common type of lung cancer, is defined as a distinct
disease that exhibits both genetic and cellular heterogeneity.
Although in the past two decades significant advances in the treat-
ment of NSCLC have besen performed, the 5-year survival rate
of patients with NSCLC remains <20%. Thus, there is an urgent
requirement to gain an in-depth understanding of the molecular
mechanisms that promote NSCLC development and to identify
novel therapeutic targets. In the present study, the gene expres-
sion profiles of patients with NSCLC from The Cancer Genome
Atlas database were analyzed to determine potential therapeutic
targets, and transmembrane protein 100 (TMEM100) was iden-
tified as a candidate tumor suppressor. TMEM100 expression
level was discovered to be decreased in both NSCLC tissues
and cell lines, and it was observed to be negatively associated
with the TNM stage and positively associated with prognosis.
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Moreover, TMEM100 inhibited tumor growth and promoted cell
apoptosis in A549 and H460 cells. Mechanistically, TMEM100
was demonstrated to induce autophagy in A549 cells via
inhibiting the PI3K/AKT signaling pathway, whereas inhib-
iting autophagy using bafilomycin Al significantly enhanced
TMEM100-induced apoptosis to compensate for the cell death.
In conclusion, these findings suggested that TMEM100 may
serve as a tumor suppressor in NSCLC and promote autophagy
via inhibiting the PI3K/AKT signaling pathway.

Introduction

Lung cancer is the leading cause of cancer-related death
in the United States and China, with an approximate 5-year
survival rate of ~18% (1). The most common type of lung
cancer is non-small cell lung cancer (NSCLC), which accounts
for >80% of all cases (2). NSCLC can be further divided into
three predominant histological subtypes: Adenocarcinoma,
squamous cell carcinoma and large cell carcinoma (2). A total of
70% of patients with lung cancer are diagnosed with advanced
stage disease, which poses more challenges for therapy (3).
Over the past two decades, the application of various targeted
therapies, including the EGFR inhibitor afatinib, and the
anaplastic lymphoma kinase inhibitor ceritinib, and immuno-
therapies, such as the immune checkpoint blocker nivolumab,
have resulted in remarkable progress in treating patients with
advanced NSCLC; however, drug resistance and a poor response
prevented the therapeutic efficacy (4). Therefore, the identifica-
tion and characterization of novel molecules associated with
NSCLC progression is of critical importance for improving
both the early diagnosis and treatment of the disease.
Transmembrane protein 100 (TMEMI100) transcript was
first identified in the mouse genome in 2001 (5). TMEMI100 is
a 134-amino acid protein, which contains two transmembrane
domains at amino acid residues 53-75 and 85-107 (6). It is
highly conserved in vertebrates and mammals; however, there
is no sequence homology between TMEMI100 and any other
proteins (6), therefore the biological functions of TMEM100
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were further explored in the present study. Previous in-depth
studies have revealed that TMEM100 was involved in arterial
endothelial differentiation and vascular integrity (6-8), as well as
apoptosis (9), enteric nervous system development (10) and persis-
tent pain (11). Interestingly, TMEM100 was demonstrated to be
mainly expressed in arterial endothelial cells during the embry-
onic developmental stage, whereas during adulthood, TMEM100
was most abundantly expressed in the lung, with lower expres-
sion in the brain, heart and muscle tissues (7), suggesting that
TMEMI100 may serve important roles in lung development.

In our previous study, Gene Expression Omnibus datasets
(GSE19804, GSE18842, GSE27262 and GSE43458) were
downloaded and analyzed to screen differentially expressed
genes (DEGs) in NSCLC. Among these DEGs, TMEM100
expression level was significantly decreased in NSCLC
tissues compared with normal tissues, which suggested that
TMEMI100 may serve as a tumor suppressor in NSCLC
(data not shown). Recently, TMEMI100 has been reported
to inhibit tumor progression of NSCLC and hepatocellular
carcinoma (12-14). Although the tumor suppressor role of
TMEMI100 in NSCLC has been revealed, the mechanism of
its function is still poorly understood.

Autophagy is an evolutionarily conserved and highly regu-
lated degradation pathway, in which a cell digests its damaged
cytoplasmic proteins, macromolecules and organelles to main-
tain cellular homeostasis (15). The dysregulation of autophagy
has been associated with a number of human diseases, including
cancer (16). In hepatocellular carcinoma, the levels of autophagy
in both aggressive malignant cell lines and tissues from
patients with recurrent disease were significantly decreased
compared with those of less aggressive cell lines or tissues (17).
In addition, Zhang et al (18) indicated that DEAD box protein
5 inhibited liver tumor progression by inducing autophagy
via interacting with p62. However, other previous studies
have reported that the metabolic recycling role of autophagy
promoted cancer cell survival under nutrient-deprived condi-
tions (19,20). Furthermore, the deletion of essential autophagy
genes, such as Atg7 or Atg5, was demonstrated to impair
tumor growth (21). These paradoxical reports have indicated
that the role of autophagy in tumor progression may vary
depending on the pathological conditions. For example, in
NSCLC, nuclear factor erythroid 2-related factor 2 (Nrf2) has
been indicated to promote tumorigenic processes by activating
autophagy (22), whereas the tumor suppressor casein kinase
la has been revealed to function as an autophagy inducer to
inhibit tumor growth (23), indicating that autophagy serves a
contradictory role in NSCLC. However, it remains unknown
whether TMEMI100, as a potential tumor suppressor, can affect
the progression of NSCLC by regulating autophagy.

Therefore, the present study aimed at validating the
functions of TMEMI100 in different NSCLC cell lines and
exploring the potential mechanism of TMEMI100 in NSCLC
progression. TMEMI100 expression level was observed to be
decreased in NSCLC tissues and cell lines, and its expression
level was negatively associated with the clinical staging and
positively associated with the prognosis of patients. Moreover,
the overexpression of TMEMI100 inhibited proliferation,
whilst promoting apoptosis and autophagy in lung cancer
cells. Mechanistically, TMEM100-induced autophagy was, at
least partially, mediated by inhibiting the PI3K/AKT signaling

pathway, and the inhibition of TMEM100-induced autophagy
promoted apoptosis to compensate for the cell death. These
findings suggested that TMEM100 may serve essential roles as
a tumor suppressor in NSCLC by promoting autophagy via the
inhibition of the PI3K/AKT signaling pathway. The findings
of the present study may provide novel insights for developing
new targeted therapy strategies for NSCLC.

Materials and methods

Analysis of the cancer genome atlas (TCGA) database.
Gene expression data and the relevant clinical information
of 533 cases with lung adenocarcinoma and 59 cases with
normal lung tissue were downloaded from TCGA database
(http://cancergenome.nih.gov/).

Analysis of the cancer cell line encyclopedia (CCLE) data-
base. Relative gene expression levels in different NSCLC
cell lines, including HCC4006, H1734, H460, H1581, H1975,
HCC15, H1092, SW900, H1944, H520, A549, SK-MES-1 and
H1299, were downloaded from the online CCLE database
(https://portals.broadinstitute.org/ccle).

Analysis of Kaplan-Meier Plotter database. The survival
rate of 1,926 patients with lung cancer was analyzed using
the online database Kaplan-Meier Plotter (http://kmplot.
com/analysis/index.php?p=background). All patients were
divided into high and low expression groups according to the
median level of TMEM100.

Cell culture. The human NSCLC cell lines, A549 and
H460, were purchased from Shanghai GeneChem Co., Ltd.
(http://www.genechem.com.cn/). H1299 (cat. no. CL-0165),
SK-MES-1 (cat. no. CL-0213) and human bronchial
epithelial (HBE) cells (cat. no. CL-0346) from Procell Life
Science & Technology Co., Ltd. (https://www.procell.com.
cn/) were kindly provided by Professor Bu (School of Basic
Medicine, Chongqing Medical University, Chongqing, China).
The 293T cell line was purchased from American Type Culture
Collection (https:/www.atcc.org/). A549 cells were cultured
in F-12K medium (HyClone; Cytiva), whereas the other cell
lines were cultured in RPMI-1640 medium (Gibco; Thermo
Fisher Scientific, Inc.), except for 293T cells, which were
cultured in DMEM (HyClone; Cytiva). All culture mediums
were supplemented with 10% FBS (Biological Industries),
100 U/ml penicillin and 100 pg/ml streptomycin (HyClone;
Cytiva), and cells were maintained at 37°C in a humidified
atmosphere containing 5% CO,.

Cell transfection. The overexpression plasmid
pHBLV-CMV-TMEMI100 and the corresponding empty
vector were purchased from Hanbio Biotechnology Co., Ltd.,
and TMEMI100 small interfering (si)RNAs were obtained
from Shanghai Transheep Bio-Tech Co., Ltd. (http:/www.
transheep.com/). The following TMEMI100 siRNA sequences
were used: si-TMEM100-1, 5'-GGGAGUGCACAGCAUUAG
ATT-3'; and si-TMEM100-2,5'-CCUACAGUCUUAAGAUGU
ATT-3". A non-targeting siRNA oligonucleotide (5'-UUCUCC
GAACGUGUCACGUTT-3') was used as a control. A total of
3.5x10° A549 and H460 cells were seeded into six-well plates,
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followed by transient transfection with 3 pg plasmids and
100 pmol siRNAs at 37°C using Lipofectamine® 2000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's instructions. Cells were collected 24 and 48 h
after transfection for RNA and protein extraction, respectively.

Lentiviral production. A 2nd generation system was used
for lentiviral production. Lentiviruses were produced by
co-transfecting 293T cells in 60 mm dishes with 1.5 ug
pHBLV-CMV-TMEMI100 and two packaging plasmids (1.5 ug
psPAX2 and 1.5 ug pMD2.G) using Lipofectamine 2000 reagent.
Lentiviruses were harvested following 48 h of transfection,
centrifuged at 500 x g at 4°C for 5 min to remove the cell debris,
and filtered through a 0.45-ym membrane (EMD Millipore).
A549 cells were infected with lentiviruses at a MOI of 50. A549
cells stably overexpressing TMEMI100 were selected by treating
the lentivirus-infected cells with 1.5 pg/ml puromycin (Beijing
Solarbio Science & Technology Co., Ltd.) for 14 days.

Cell viability assay. A total of 2x10° A549 cells were seeded
into 96-well plates with six replicates/group, and cultured for
0,24,48 or 72 h continuously. At each time point, 10 ul of Cell
Counting Kit-8 (Beijing Solarbio Science & Technology Co.,
Ltd.) reagent was added into each well and incubated for 2 h
at 37°C. The optical density at 450 nm was measured using a
microplate reader. The experiments were repeated in triplicate.

Colony formation assay. A549 cells were plated in a six-well
plate at adensity of 600 cells/well and incubated for 10 days. The
plate was washed with PBS, fixed with 4% paraformaldehyde
at room temperature for 15 min and the colonies were stained
with 0.5% crystal violet at room temperature for 20 min. The
number of colonies containing >50 cells was manually counted
under an optical microscope (magnification, x400).

Cell cycle analysis. A total of 3.5x10° A549 cells were
seeded into a six-well plate and transfected with 3 ug
pHBLV-CMV-TMEMI100 plasmid or empty vector for 24 h.
A total of 4x10° cells from each group were washed with cold
PBS, collected and fixed in 70% alcohol at 4°C overnight.
Cells were treated with RNase A for 30 min at 37°C and
subsequently stained with PI at room temperature for 15 min in
the dark. Cell cycle analysis was performed using a CytoFLEX
flow cytometer (Beckman Coulter, Inc.) and the results were
analyzed by CytExpert software v1.0 (Beckman Coulter, Inc.).
The assay was repeated in triplicate.

Flow cytometric analysis of apoptosis. A549 and H460
cells transfected with 3 yg pHBLV-CMV-TMEM100
plasmid or 100 pmol siRNAs were collected and washed
twice with cold PBS, then resuspended in 100 u1 1X binding
buffer. A volume of 5 yl Annexin V-APC (Tianjin Sanjian
Biotechnology Co., Ltd.) and 5 ul DAPI were added, mixed
well and incubated at room temperature for 10 min in the
dark. Apoptotic cells were analyzed using a CytoFLEX flow
cytometer and the results were analyzed by CytExpert soft-
ware v1.0 (Beckman Coulter, Inc.). The lower right (early
apoptosis stage) and upper right quadrants (late apoptosis
stage) were counted to assess the apoptosis rate. The assay
was repeated in triplicate.
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Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA of H460, HBE, A549, SK-MES-1 and H1299
cells was extracted using RNAiso Plus (Takara Bio, Inc.).
The RNA concentration and purity were measured using
a Nanodrop ND-100 spectrophotometer (NanoDrop
Technologies; Thermo Fisher Scientific, Inc.). A total of
1 ug RNA was reverse transcribed into cDNA using the
PrimeScript™ RT Reagent kit (Takara Bio, Inc.), according
to the manufacturer's instructions. qPCR was subsequently
performed using the CFX96 real-time PCR detection system
(Bio-Rad Laboratories, Inc.) and a TB Green™ Premix
Ex Taq™ II kit (Takara Bio, Inc.). The following primer
sequences were used for the gPCR: GAPDH forward, 5'-TGC
ACCACCAACTGCTTAGC-3' and reverse, 5'-GGCATG
GACTGTGGTCATGA-3"; and TMEM100 forward, 5'-TGC
TGTGGTTGTCTTCATCG-3' and reverse, 5'-CTCTCC
CGTCTCTTGGCTTTC-3". The following thermocycling
conditions were used for the qPCR: Initial denaturation at
95°C for 5 min; 42 cycles of denaturation at 95°C for 30 sec,
annealing at 55°C for 30 sec and extension at 72°C for 30 sec.
Relative expression levels were determined using the 2-44¢4
method (24) and normalized to GAPDH.

Immunofluorescence analysis. A549 cells were fixed with
4% paraformaldehyde at room temperature for 10 min and
washed thrice with PBS. Subsequently, cells were permea-
bilized with 0.5% Triton X-100 at room temperature for
10 min and blocked with 5% BSA (Amresco, LLC) at 37°C
for 1 h. Cells were incubated with anti-LC3A/B (monoclonal;
rabbit anti-human; 1:200; cat. no. 4108; Cell Signaling
Technology, Inc.) at 4°C overnight and with anti-rabbit IgG
(H + L) (Alexa Fluor® 594 Conjugate; 1:500; cat. no. 8889S;
Cell Signaling Technology, Inc.) at 37°C for 1 h. Nuclei were
stained with DAPI at room temperature for 15 min and stained
cells were visualized using a fluorescent microscope (magnifi-
cation, x400; Nikon Corporation).

Immunohistochemistry (IHC). Paraffin-embedded sections,
including 15 cases of NSCLC tissues and benign adjacent
non-cancerous tissues, were obtained from the Laboratory of
Pathology, The First Affiliated Hospital of Chongqing Medical
University (Chongqing, China) from 2016 to 2018. The average
age of the patients was 58.87+11.92 years, and males accounted
for 66.7% and females for 33.3%. The use of these tissue
samples was approved by the Ethics and Research Committees
of Chongqing Medical University. Written informed consent
was obtained from all participants. The slides were routinely
deparaffinized, rehydrated and boiled for antigen retrieval
in citric acid buffer (pH 6.0) for 10 min. Subsequently,
sections were treated with a mouse/rabbit Streptomyces
vitellogenin-Biotin Detection system (cat. no. SP-9000;
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.),
according to the manufacturer's instructions. Finally, the slides
were mounted and photographed using an optical microscope
(magnification, x400).

Western blotting. Total protein was extracted from A549
and H460 cells using RIPA lysis buffer, containing the
protease inhibitor PMSF and a phosphatase inhibitor (all from
Beyotime Institute of Biotechnology). Protein concentrations
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were determined using a BCA Protein Assay kit (Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions. A total of 40-50 pug protein/lane were separated
via 12% SDS-PAGE. The separated proteins were transferred
onto PVDF membranes (EMD Millipore) and blocked with
5% BSA (Amresco, LLC) at 37°C for 2 h. The membranes were
incubated with the following primary antibodies overnight at
4°C: Anti-TMEMI100 (monoclonal; mouse anti-human; 1:500;
cat. no. MA5-24949; Invitrogen; Thermo Fisher Scientific,
Inc.), anti-BAX (monoclonal; rabbit anti-human; 1:1,000;
cat. no. AF1270; Beyotime Institute of Biotechnology),
anti-BCL2 (monoclonal; rabbit anti-human; 1:1,000; cat.
no. AF1915; Beyotime Institute of Biotechnology), anti-LC3A/B
(monoclonal; rabbit anti-human; 1:1,000; cat. no. 4108; Cell
Signaling Technology, Inc.), anti-p62 (monoclonal; rabbit
anti-human; 1:5,000; cat. no. CY5546; Abways Technology),
anti-GAPDH (monoclonal; rabbit anti-human; 1:5,000; cat.
no. AF1186; Beyotime Institute of Biotechnology), anti-phos-
phorylated (p)-PI3K (monoclonal; rabbit anti-human; 1:1,000;
cat. no. 4228S; Cell Signaling Technology, Inc.), anti-total
(H)-PI3K (monoclonal; rabbit anti-human; cat. no. 4257S;
1:1,000; Cell Signaling Technology, Inc.), anti-p-AKT (mono-
clonal; rabbit anti-human; 1:1,000; cat. no.2965S; Cell Signaling
Technology, Inc.), anti-t-AKT (monoclonal; rabbit anti-human;
1:1,000; cat. no. 4691S; Cell Signaling Technology, Inc.).
Following the primary antibody incubation, membranes were
incubated with HRP-conjugated goat anti-rabbit IgG (H + L)
(1:10,000; cat. no. 04-15-06; KPL) or HRP-conjugated goat
anti-mouse IgG (H + L) (1:10,000; cat. no. 04-18-06; KPL) at
37°C for 1 h. Protein bands were visualized using Immobilon™
Western HRP Substrate Peroxide solution (EMD Millipore)
and a Bio-Rad electrophoresis documentation system.

Agonist and inhibitor treatment. A549 cells were pretreated
with 30 uM 740Y-P (MedChemExpress) or 20 uM SC79
(Beyotime Institute of Biotechnology) for 1.5 h at 37°C, and
subsequently transfected with 3 yg pHBLV-CMV-TMEM100
plasmid or empty vector for 24 h. H460 cells were pretreated
with 20 M LY294002 (Beyotime Institute of Biotechnology)
for 1.5 h at 37°C, followed by transfection with 100 pmol
siRNA or si-NC for 24 h. A total of 50 nM Bafilomycin Al
(Selleck Chemicals) was added into A549 cells for 2 h at 37°C
prior to transfection of 3 yg pHBLV-CM V-TMEM100 plasmid
or empty vector. Control cells received an equal volume of
DMSO (Beijing Solarbio Science & Technology Co., Ltd.) and
the final concentration of DMSO was <0.1%. Subsequently,
protein expression levels were determined by western blotting.

Mouse xenograft experiment. The animal studies were
approved by the Institutional Animal Care and Use Committee
of Chongqing Medical University (Chongqing, China). A total
of 10 female athymic BALB/c nude mice (age, 4-5 weeks
old; weight, 16-20 g; n=5 per group) were purchased from
Chongqing Medical University and housed in specific
pathogen-free conditions at constant temperature (22°C) and
humidity (50-60%) on a 12 h light/dark cycle with free access
to food and water. A549 cells transfected with empty vector
or the TMEM100 overexpression plasmid in the exponential
growth phase were diluted to a density of 5x10° cells/100 ul
PBS and the cell suspension was injected subcutaneously into

the left axilla of each mouse. The mice were monitored every
3 days. Tumors were allowed to grow to 12 mm diameter. The
protocol continued until 30 days following tumor cell injection.
All experimental mice were sacrificed by cervical dislocation
simultaneously, and tumor sizes and weights were measured.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism version 5.0 software (GraphPad Software,
Inc.) and data are presented as the mean + SD. Student's t-test
was used to determine the differences between two groups.
One-way ANOVA followed by Bonferroni's post hoc test
was used for multiple group comparisons. Overall survival
was calculated using SPSS version 17 (SPSS, Inc.) with
Kaplan-Meier estimate and log-rank test. All experiments
were carried out at least three times. P<0.05 was considered to
indicate a statistically significant difference.

Results

TMEMI100 expression levels are decreased in NSCLC
specimens and cell lines. To identify the potential role of
TMEMI100 in NSCLC, the expression levels of TMEM100
were analyzed in human lung cancer tissues from TCGA data-
base. TMEMI100 expression level was significantly decreased
in NSCLC specimens (n=533) compared with normal lung
tissues (n=59; Fig. 1A). Additionally, it was observed that the
expression level of TMEMI100 exhibited a decreasing trend
at more advanced TNM stages of NSCLC (Fig. 1B), demon-
strating that the expression level of TMEM100 was negatively
associated with the tumor stage. In addition, the association
between TMEMI100 expression level and the survival of
patients in TCGA database was analyzed using SPSS soft-
ware. It was indicated that the patients with lower TMEM100
expression level had worse overall survival, but there was no
statistical significance (Fig. S1A). However, the result from the
online database Kaplan-Meier Plotter demonstrated that the
survival rate of patients with high expression of TMEM100
was significantly higher than those with low expression of
TMEMI100 (Fig. S1B), which suggested that the expression
level of TMEM100 was positively associated with the prognosis
of patients with NSCLC. Furthermore, the expression level of
TMEMI100 in NSCLC tissues (n=15) and the matched benign
adjacent non-cancerous tissues were detected using IHC. The
expression level of TMEMI100 was indicated to be markedly
decreased in NSCLC tissues compared with the adjacent
non-cancerous tissues (Fig. 1C), which was consistent with the
results of TCGA database. In addition, data from the CCLE
database were used to examine the relative expression level
of TMEMI00 in various NSCLC cell lines. It was revealed
that the expressions level of TMEMI100 was relatively low in
10 NSCLC cell lines, particularly in the A549, SK-MES-1
and H1299 cell lines, whereas it was relatively high in three
NSCLC cell lines, including H460 (Fig. 1D). These results were
validated in four NSCLC cell lines (A549, SK-MES-1, H1299
and H460) and one normal lung epithelial cell line (HBE) by
RT-gPCR (Fig. 1E). Altogether, these findings suggested that
TMEMI100 may serve an antitumor role in NSCLC.

TMEMI100 inhibits the proliferation of NSCLC cells. To
investigate the role of TMEMI100 in NSCLC progression,
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TMEMI100 was overexpressed in A549 cells and knocked
down in H460 cells using a TMEMI100 overexpression
plasmid and TMEM100 siRNAs, respectively. The transfec-
tion efficiency of the overexpression (Fig. 2A and B) and
knockdown (Fig. S2A and B) was confirmed by RT-qPCR and
western blotting. Subsequently, the effect of TMEM100 on cell
proliferation was investigated. As expected, overexpression

of TMEMI100 significantly inhibited A549 cell proliferation
and colony formation (Fig. 2C and D). Furthermore, cell cycle
analysis demonstrated that TMEM100 induced cell cycle
arrest in the G, phase, as ectopic overexpression of TMEM100
significantly increased the percentage of A549 cells in the
G, phase from 61.20 to 73.63%, but decreased the percentage
of cells in the S phase from 28.49 to 13.18% (Fig. 2E). By
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contrast, TMEM100 knockdown enhanced the proliferation
of H460 cells (Fig. S2C). To assess the impact of TMEM100
on tumor growth in vivo, A549 cells with or without ectopic
overexpression of TMEM100 were subcutaneously injected
into athymic nude mice. At day 30, tumor size and weight were
notably decreased in the TMEMI100 overexpression group
compared with the control group (Fig. 2F). Thus, both in vitro
and in vivo experiments demonstrated a marked antitumor role
of TMEM100 in NSCLC.

TMEM100 promotes apoptosis in NSCLC cells. To investigate
the effect of TMEM100 on cell apoptosis, an Annexin V-DAPI
apoptosis assay and western blotting, to determine the expres-
sion levels of BAX/BCL2, were performed. The early-stage
and late-stage apoptotic rate was significantly increased in
TMEMI100-overexpressing cells compared with control cells
(Fig. 3A), suggesting that ectopic overexpression of TMEM100
may promote apoptosis in A549 cells. Consistently, the expres-
sion level of the pro-apoptotic protein BAX was increased
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Figure 3. TMEMI100 promotes apoptosis in non-small cell lung cancer cells. (A) Flow cytometric analysis of cell apoptosis in A549 cells transfected with TMEM100
overexpression plasmid. (B) Expression level of the apoptosis-related proteins BAX and BCL2 in A549 cells aftter TMEM100 overexpression. Data are representative
of three independent experiments and are presented as the mean + SD. "P<0.05. TMEM100, transmembrane protein 100; OE, overexpression; Ctrl, control.

and that of the anti-apoptotic protein BCL2 was decreased
following TMEM100 overexpression (Fig. 3B). By contrast,
knocking down TMEMI100 resulted in the opposite effects in
H460 cells (Fig. S3A and B). Altogether, these findings indi-
cated that TMEM100 may act as a tumor suppressor that is
involved in the promotion of cell apoptosis.

TMEMI00 induces autophagy in NSCLC cells via inhibiting
the PI3K/AKT signaling pathway. Accumulating evidence
has emphasized the importance of autophagy in lung cancer
progression (25,26), therefore the effect of TMEMI100 on cell
autophagy was investigated. The expression of p62 and the trans-
formation of LC3 I to LC3 II, which are essential for autophagy
and mainly used as protein markers of autophagy (27), were
examined. The results revealed a notable increase in the ratio
of LC3 II/LC3 I and a decrease in the expression level of p62
in A549 cells following TMEMI100 overexpression (Fig. 4A).
Furthermore, knocking down TMEM100 in H460 cells yielded
the opposite results (Fig. S4A). In addition, it was observed
that TMEM100 overexpression promoted the accumulation of
LC3 puncta in A549 cells (Fig. 4B). These results indicated
that TMEM100 may induce autophagy in NSCLC cells.

It is well established that the PI3K/AKT signaling pathway
is a key signal transduction pathway of autophagy (28,29),
therefore the effect of TMEMI100 on the PI3K/AKT signaling
pathway was investigated. As hypothesized, the level of
p-PI3K and p-AKT was decreased after TMEMI100 overex-
pression in A549 cells (Fig. 4C), whereas the expression level
of both proteins was markedly increased following knock-
down of TMEMI100 in H460 cells (Fig. S4B), suggesting that
TMEMI100 may inhibit the PI3K/AKT signaling pathway.
Subsequently, 740Y-P, a PI3K activator, and SC79, an AKT
agonist, were used to further examine the association between
TMEMI100 and the PI3K/AKT signaling pathway and verify
whether TMEM100-induced autophagy was associated
with the PI3K/AKT signaling pathway. As demonstrated in
Fig. 4D and E, pretreatment of A549 cells with 740Y-P and
SC79 resulted in an increased activation of PI3K and AKT,

respectively, and TMEM100 was observed to attenuate the
activatory effects of 740Y-P and SC79. In addition, the ratio
of LC3II/LC3I was suppressed after pretreatment with 740Y-P
and SC79, and TMEMI100 reversed these inhibitory effects
(Fig. 4D and E). Pretreatment of H460 cells with LY294002,
a PI3K inhibitor, notably reduced the p-PI3K level and
increased the LC3 II/LC3 I ratio, whereas TMEM100 knock-
down partially reversed the effect of LY294002 (Fig. S4C).
Collectively, these findings suggested that TMEM100 may
induce autophagy via inhibiting the PI3K/AKT signaling
pathway.

Baf-Al prevents TMEM100-induced autophagy and promotes
TMEM100-induced apoptosis. The aforementioned results
revealed that TMEM100 induced both apoptosis and autophagy
in NSCLC cells. To further explore the relationship between
TMEM100-induced autophagy and apoptosis, A549 cells were
pretreated with Bafilomycin Al (Baf-Al), a late autophagy
inhibitor, and subsequently transfected with TMEM100 over-
expression plasmid or control plasmid. The combination of
Baf-Al treatment and TMEMI100 overexpression resulted in
increased LC3 II/LC3 I ratio compared with that observed in
response to treatment with Baf-A1l or TMEMI100 overexpres-
sion alone (Fig. 5A), suggesting that TMEM100 may induce
autophagy, while Baf-A1 prevented autophagy in A549 cells.
In addition, pretreatment with Baf-Al significantly enhanced
apoptosis induced by TMEMI100 in A549 cells (Fig. 5B),
suggesting that the inhibition of TMEM100-induced
autophagy may promote cell death by inducing apoptosis,
thereby providing a compensatory mechanism.

Discussion

TMEMI00 has been initially identified in the mouse genome
and it has been reported to be mainly associated with arterial
endothelial differentiation and angiogenesis (5,7). The findings
of the present study suggested that TMEM100 may serve as
a potential tumor suppressor in NSCLC. The datasets from
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TCGA database were analyzed to determine the expression
level of TMEMI100 in 533 NSCLC specimens and 59 normal
lung tissues. TMEMI100 expression level was indicated to be
decreased in NSCLC tissues, and it was negatively correlated
with the TNM stage and positively correlated with the survival
rate of patients, suggesting that TMEM100 may be used as
a marker of clinical TNM staging and prognosis in NSCLC.
Consistently, the THC results demonstrated that the expression
level of TMEM100 was decreased in NSCLC tissues compared
with adjacent non-cancerous tissues. At the cellular level, the
expression of TMEMI100 in the normal lung epithelial cell
line HBE was higher than that in NSCLC cell lines, such
as A549, SK-MES-1 and H1299, which was consistent with
the results obtained from the CCLE database. Han et al (14)
compared the expression of TMEMI100 in H460, H522, PC9
and A549 cell lines and observed that the expression level
of TMEMI100 was highest in H460 cells and lowest in A549
cells. However, they selected A549, PC9 and H522 cell lines
to demonstrate the antitumor role of TMEM100. Based on
the aforementioned results, the present study compared the
expression of TMEM100 in H460, HBE, A549, SK-MES-1
and H1299 cell lines and revealed that the expression level
of TMEMI100 was the highest in H460 and lower in A549

cells. It is worth mentioning that lung adenocarcinoma is
the most common type of NSCLC (2) and A549 cell line is
a commonly used lung adenocarcinoma cell line. Therefore,
H460, HBE and A549 cell lines were selected to demonstrate
the antitumor mechanism of TMEMI100. Similar to the results
of Han et al (14), the in vitro and in vivo experiments of the
current study using different cell lines demonstrated the tumor
suppressive effects of TMEM100, including the inhibition of
cell proliferation and promotion of apoptosis. Collectively,
these results revealed that TMEM100 may serve a role as a
novel tumor suppressor in NSCLC.

By performing functional studies for TMEMI100, the
mechanisms underlying the antitumor role of TMEMI100 were
explored. Autophagy is a highly conserved and finely regulated
pathway for maintaining cell homeostasis, which is achieved via
inducing lysosomal degradation and recycling of dysfunctional
proteins and organelles (30,31). The autophagic process can be
divided into four steps: Induction, elongation, transportation to
lysosomes and degradation (32). Autophagy can be activated by
various type of stress, such as starvation, hypoxia and radiation
exposure (33). Notably, the dysregulation of autophagy has been
identified as a pathogenic feature of cancer (34,35). Previous
studies have reported a dual role for autophagy in tumorigenesis.
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Figure 5. Baf-Al promotes TMEM100-induced apoptosis in A549 cells. (A) Expression level of LC3 in A549 cells transfected with control or TMEM100
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For instance, cancer cells have been demonstrated to induce
autophagy under stressful or nutrition-deprived conditions
to promote cell survival (36), but excessive or constitutive
activation of autophagy has been indicated to result in cancer
cell death (37). In NSCLC, Nrf2 has been demonstrated to
promote tumorigenesis via activating autophagy (22). In
Ras-transformed cells, autophagy has been indicated to facili-
tate tumor cell survival via maintaining aerobic glycolysis and
the tricarboxylic acid cycle for cellular energy demands (38).
The antitumor effect of autophagy has also been reported in
NSCLC; for instance, autophagy induced by Licarin A from
Mpyristica fragrans has been revealed to promote cell death in
NSCLC cell lines (32). Interestingly, the deletion of Atg7 has
been indicated to accelerate tumor development initially, but
suppress tumor progression in the later stages (20), demon-
strating the paradoxical role of autophagy in cancer even within
the same model. To date, there have been no reports elucidating
the association between TMEMI100 and autophagy, to the best
of our knowledge. In the present study, the effect of TMEM100
on the autophagy of NSCLC cells was investigated. The results
revealed that TMEM100 could induce autophagy by increasing
the ratio of LC3 II /LC3 I and decreasing the expression level
of p62. Moreover, LC3 puncta were observed to increase upon
TMEMI100 overexpression. Previous studies have demonstrated
that a tumor suppressor, such as p53 or PTEN, inhibited tumor
growth by inducing autophagy (39,40), which are in line with
the results of the present study.

There are several signaling pathways underlying the regu-
lation of cell autophagy, including the PI3K/AKT, Beclin-1 and
ERK1/2 signaling pathways (41-44). Accumulating evidence
has suggested that the PI3K/AKT signaling pathway is a
critical mediator in the regulation of cell autophagy (41-44). It
has been demonstrated that the deactivation of the PI3K/AKT
signaling pathway may result in autophagy induction (45).
In addition, the dysregulation of the PI3K/AKT signaling
pathway has been closely associated with tumor development,
metastasis and apoptosis in lung cancer (45). Based on these
findings, it was hypothesized that TMEM100 may stimulate
autophagy via blocking the PI3K/AKT signaling pathway. This
hypothesis was supported by the decreased level of p-PI3K
and p-AKT upon TMEMI100 overexpression. Conversely, the
activation of PI3K and AKT by 740Y-P and SC79 significantly
reduced the expression level of LC3 II, which was increased
by the overexpression of TMEM100. These findings validated
that TMEM100 may activate autophagy via inhibiting the
PI3K/AKT signaling pathway. To further investigate the
mechanisms of TMEMI100 function associated with NSCLC
progression, whole transcriptome sequencing analysis was
performed in A549 cells transfected with TMEM100 overex-
pression plasmid and empty plasmid. The sequencing results
demonstrated that CHOP, GADD34, GRP78, XBP1 and other
genes involved in endoplasmic reticulum stress (ERS) were
downregulated after TMEMI100 overexpression, which was
confirmed by RT-qPCR and western blotting (data not shown).
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Future studies will be focused on the role and mechanism
of function of TMEMI100 in the regulation of ERS and the
association between ERS and TMEM100-induced autophagy.

Recently, autophagy was termed type Il programmed
cell death (46). In certain cases, autophagy and apoptosis are
interconnected, but their association has not been fully inves-
tigated. Previous studies have supported the relevance of the
interplay between autophagy and apoptosis (37,47). It has been
reported that both autophagy and apoptosis served important
roles in lung cancer progression (48), and their synergistic
actions promoted cell death. For instance, Licarin A, which
was derived from Myristica fragrans, activated autophagy and
apoptosis, thereby resulting in the death of NSCLC cells (32).
HSP90 inhibitor DPB has been also indicated to inhibit A549
cell growth by inducing apoptosis and autophagy (49). In the
present study, it was revealed that TMEM100 could promote
both apoptosis and autophagy, and inhibition of autophagy by
Baf-Al notably enhanced TMEM100-induced apoptosis. The
results were consistent with a previous study in gastric cancer,
which demonstrated that the tumor suppressor XIAP-associated
factor 1 (XAF1) could induce autophagic cell death, whilst
3-MA treatment enhanced XAFl-induced apoptosis (43).
These results indicated that TMEM100-induced autophagy and
apoptosis may be complementary events to ensure cell death.

In conclusion, the present study validated the role of
TMEMI00 as a tumor suppressor in NSCLC. TMEM100 was
demonstrated to inhibit cell proliferation and promote cell
death by inducing apoptosis and autophagy. To the best of our
knowledge, the current study was the first to demonstrate that
TMEMI100 could activate autophagy in NSCLC cells and to
indicate that the inhibition of the PI3K/AKT signaling pathway
may be one of the mechanisms underlying TMEM100-induced
autophagy. Furthermore, the inhibition of autophagy by
Baf-Al was indicated to increase the proportion of apoptotic
cells, suggesting a complementary role of TMEM100-induced
apoptosis and autophagy. Therefore, the present study revealed
a novel mechanism by which TMEM100 may inhibit tumor
progression.
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