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Abstract. Epithelial membrane protein 3 (EMP3) is a trans‑
membrane glycoprotein that contains a peripheral myelin 
protein 22 domain. EMP3 first received attention as a tumor 
suppressor, but accumulating evidence has since suggested 
that it may exhibit a tumor‑promoting function. Nonetheless, 
the biological function of EMP3 remains largely unclear 
with regards to its role in cancer. Herein, it was shown that 
EMP3 expression is upregulated in non‑small cell lung 
cancer (NSCLC) cells overexpressing aldehyde dehydro‑
genase 1 (ALDH1). EMP3 was shown to be involved in cell 
proliferation, the formation of cancer stem cells (CSCs) and 
in epithelial‑mesenchymal transition (EMT). The ability to 
resist irradiation, one of the characteristics of CSCs, decreased 
when the EMP3 mRNA expression was knocked down using 
small interfering RNA. In addition, when EMP3 knockdown 
reduced the migratory ability of cells, a characteristic of EMT. 
Additionally, it was shown that the TGF‑β/Smad signaling 
axis was a target of EMP3. EMP3 was found to interact with 
TGF‑β receptor type 2 (TGFBR2) upon TGF‑β stimulation in 
lung CSCs (LCSC). As a result, binding of EMP3‑TGFBR2 
regulates TGF‑β/Smad signaling activation and consequently 
affects CSCs and EMT. Kaplan‑Meier analysis results 
confirmed that patients with high expression of EMP3 had 
poor survival rates. Taken together, these findings showed that 
EMP3 may be a potential target for management of LCSCs 
with high expression of ALDH1, and that EMP3 is involved in 

TGF‑β/Smad signaling activation where it promotes acquisi‑
tion of cancerous properties in tumors.

Introduction

The epithelial membrane protein 3 (EMP3), a member 
of the peripheral myelin protein 22‑kDa (PMP22) gene 
family, is a small hydrophobic membrane glycoprotein, and 
a myelin‑related gene. The protein encoded by this gene 
contains two N‑linked glycosylation sites and four transmem‑
brane domains (1). In several studies, EMP3 has been reported 
to function as a tumor suppressor gene in solid tumors (2‑4). 
However, EMP3 has also been shown to function as an 
oncogene in several other malignancies, particularly brain 
tumors, breast carcinoma and hepatocellular carcinoma (5‑7). 
Primary glioblastoma multiforme (GBM) frequently exhibits 
upregulated expression of EMP3  (5). In addition, EMP3 
mRNA upregulation may be a suitable molecular marker to 
predict clinical outcomes in patients with GBM (8). Taken 
together, these studies suggest that EMP3 is an important gene 
that promotes tumorigenesis in primary GBM. However, the 
molecular mechanism of EMP3 in non‑small cell lung cancer 
(NSCLC) has not been studied previously, to the best of our 
knowledge, and thus requires investigation.

Worldwide, lung cancer has a poor prognosis for both men 
and women. NSCLC accounts for the majority (≥75%) of lung 
cancer cases, and is the leading cause of cancer‑related death 
worldwide  (9,10). Despite the use of conventional chemo‑
therapy and radiation therapy, NSCLC cannot be effectively 
treated, and lung injury may occur as a side effect of these 
treatments (11). Although various studies have been performed 
on cell proliferation, invasion and migration of NSCLC, the 
mechanism underlying the development of NSCLC in the 
first place is unclear, and the 5‑year survival rate of patients 
with NSCLC is <15%. Metastasis is the cause of death in 
>90% of patients with solid tumors, including in patients 
with NSCLC (12), and cancer stem cells (CSCs) are involved 
in recurrence and in metastasis (13). CSCs are involved in 
tumor initiation, growth and maintenance and are also called 
tumor initiating cells  (14). CSCs exhibit the self‑renewal 
ability of normal stem cells, can differentiate into cells of 
various phenotypes, and are resistant to radiation or chemo‑
therapy (15,16). CSCs can be identified using specific marker 
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proteins for each tissue. In the case of lung cancer, cancer stem 
cells can be selected by CD133, CD44 and ALDH (17,18). In 
particular, ALDH is used as a marker protein in cancer stem 
cells of various tissues, including breast cancer, brain cancer, 
and colorectal cancer, in addition to lung cancer (19‑21).

Lung CSCs (LCSCs) are becoming an increasingly 
studied target for treatment of lung cancer (22). Accordingly, 
several pharmaceutical companies are attempting to develop 
anticancer drugs targeting CSCs specifically, and several 
drugs are being used in patients (23‑25). Various tumors, 
including LCSCs, affect the malignancy and clinical prog‑
nosis by activation of the TGF‑β signaling pathway (26,27). 
The activation of TGF‑β signaling enhances the ability of 
cells to migrate and promote the epithelial‑mesenchymal 
transition (EMT), which is associated with metastasis (28,29). 
Cell motility is important for metastasis from the primary 
site to the secondary site via lymph or blood vessels (30,31). 
In the present study, it was shown for the first time that EMP3 
is involved in maintaining the characteristics of LCSCs via 
direct binding to TGFBR2.

Materials and methods

Cell culture and sphere‑formation assays. Human A549 
and H460 lung cancer cell lines were purchased from the 
Korea Cell Line Bank and grown using RPMI‑1640 medium 
(cat. no. SH30027.01; HyClone; Cytiva) supplemented with 
10% (v/v) FBS (cat. no. SH30919.03; HyClone; Cytiva), 1% 
streptomycin and 1% penicillin (cat. no. SV30010; HyClone; 
Cytiva). Cells were cultured in a humidified incubator with 
5% CO2 at 37˚C. During the sphere formation assay, cells 
were cultured in stem cell‑acceptable DMEM (DMEM‑F12; 
cat. no. 11320‑033; Invitrogen; Thermo Fisher Scientific, Inc.) 
supplemented with basic fibroblast growth factor (bFGF; 
20  ng/ml; cat. no.  13256‑029; Invitrogen; Thermo Fisher 
Scientific, Inc.), epidermal growth factor (20  ng/ml; cat. 
no E9644; Sigma‑Aldrich; Merck KGaA) and B27 Serum‑Free 
Supplement (cat. no. 17504‑044; Invitrogen; Thermo Fisher 
Scientific, Inc.). Single cell experiments were set up with 
floating cells in an ultra‑low adhesion 96‑well plate (cat. 
no. 3474; Corning, Inc.) with 1 or 2 cells distributed per well. 
The cells were cultured in a humidified incubator as above. 
The following day, only wells with single cells in each well 
were selected visually under a light microscope (magnifica‑
tion, x400), and after 10‑14 days, spheres were quantified 
based on absolute count as well as diameter, and photographed 
using an inverted phase contrast microscope.

Sorting CSCs from A549 cells. An ALDEFLUOR™ assay 
(cat. no.  01700; Stemcell Technologies, Inc.) was used to 
isolate the CSC population from A549 cells according to the 
manufacturer's protocol. A total of 1x106 cells were harvested 
and resuspended in ALDEFLUOR assay buffer containing 
ALDH substrate. As a negative control, an aliquot of cells 
exposed to ALDEFLUOR was immediately quenched with 
the specific ALDH inhibitor N,N‑diethylaminobenzaldehyde. 
After 30 min of incubation at 37˚C, cells were washed and 
sorted into ALDH1high and ALDH1low cells using a 
FACSAria flow cytometer (BD Biosciences), and analyzed 
using BD FACSDiva version 6.1.3 (BD Biosciences).

DNA microarray for gene expression profiling. The quality 
of total RNA was measured using Agilent's 2100 Bioanalyzer 
System (Agilent Technologies, Inc.). Amplification and labeling 
were performed using the Low RNA Input Linear Amplification 
kit PLUS (cat. no. 5185‑5818; Agilent Technologies, Inc.). 
Microarray hybridization was performed using the Gene 
Expression Hybridization kit (cat. no.  5188‑5242; Agilent 
Technologies, Inc.). Microarray washes were performed using 
the Gene Expression Wash Buffer kit (cat. no. 5190‑0448; 
Agilent). Finally, scanning and image analysis was performed 
using a DNA microarray scanner (cat. no. G4900DA; Agilent 
Technologies, Inc.) with the Feature Extraction Software (cat. 
no. G4460AA; Agilent Technologies, Inc.). All procedures 
were performed according to the manufacturer's protocol.

Small interfering RNA (siRNA) mediated knockdown of 
EMP3 and TGFBR2. A549 cells were transfected with siRNA 
targeting EMP3 or TGFBR2 (Bioneer Corporation) the 
sequences of which are listed in Table SI. 10 pmol siRNAs 
were transfected using Lipofectamine RNAi MAX reagent 
(cat. no. 13‑778‑150; Invitrogen; Thermo Fisher Scientific, 
Inc.). Stealth RNAi Negative Control Medium GC (cat. 
no. 12935‑300; Invitrogen; Thermo Fisher Scientific, Inc.) was 
used as the negative control. Cells were incubated at 37˚C for 
72 h after transfection.

DNA constructs. cDNA encoding full‑length human EMP3 
was generated by reverse transcription‑PCR from total 
RNA extracted from A549 cells. RNA was extracted using 
TRIzol® (cat no. TR118; MRC). cDNA was synthesized from 
the extracted RNA using an RT PreMix at 60˚C for 1 h (cat 
no. 25264; Intron Biotechnology, Inc.). The sequences of the 
primers used for PCR were: RMP3 forward, TAT​AAG​CTT​
ATG​TCA​CTC​CTC​TTG​CTG​GTG​G and reverse, ATA​TGA​
ATT​CTC​ACT​CCC​GCT​TCC​GTA​GG. For reverse transcrip‑
tion‑PCR, PCR PreMix (cat no. 250256; Intron Biotechnology, 
Inc.) was used. The thermocycling conditions were; Initial 
denaturation at 94˚C for 30 sec; followed by 34 cycles of dena‑
turation at 94˚C for 30 sec, annealing at 57.2˚C for 40 sec, and 
extension at 72˚C for 1 min. The results were confirmed using 
a 2% agarose gel (cat no. 161‑3102; Bio‑Rad Laboratories, 
Inc.). The cDNA was cloned into the mammalian expression 
vector pcDNA3.1 (Invitrogen; Thermo Fisher Scientific, Inc.).

Limiting dilution assay. Cells were plated in 100 µl spheroid 
formation assay medium in ultra‑low adhesion 96‑well plates. 
A total of 1, 10, 50, 100 or 200 cells/well were plated, with 48 
wells for each starting density of cells. Analysis of oncospheres 
was performed using alight microscope (magnification, x400) 
after 12‑20 days of incubation. A well with at least one spheroid 
with a diameter ≥100 µm was defined as a positive well, and 
the number of positive wells were counted.

Antibodies. Antibodies against EMP3 (cat. no.  ab236671; 
Abcam), Sox2 (sex determining region Y‑box 2; cat. 
no.  3579; Cell Signaling Technology, Inc.), phos‑
phorylated (p)‑Smad2 (cat. no.  18338; Cell Signaling 
Technology, Inc.),  p‑Smad3 (cat.  no.  9520; Cel l 
Signaling Technology, Inc.), Smad2/3 (cat. no.  5678; 
Cell Signaling Technology, Inc.), β‑actin (cat. no. sc‑7963; 
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Santa Cruz Biotechnology, Inc.), TGFBR1 (cat. no. sc‑518086; 
Santa Cruz Biotechnology,  Inc.),  TGFBR2 (cat. 
no.  sc‑17791; Santa Cruz Biotechnology, Inc.), TGFBR3 
(cat. no.  sc‑74511; Santa Cruz Biotechnology, Inc.), 
CD44 (cat. no.  5640; Cell Signaling Technology, Inc.), 
β‑catenin (cat. no. sc‑7963; Santa Cruz Biotechnology, Inc.), 
Twist (cat. no.  sc‑15393; Santa Cruz Biotechnology, Inc.), 
Vimentin (MA5‑16409; Thermo Fisher Scientific, Inc.), alde‑
hyde dehydrogenase (ALDH1)A1 (cat. no. ab52492; Abcam), 
ALDH1A3 (cat. no. ab129815; Abcam), Snail (cat. no. sc‑10432; 
Santa Cruz Biotechnology, Inc.), Slug (cat. no. sc‑166476; Santa 
Cruz Biotechnology, Inc.), ZEB1 (Zinc finger E‑box‑binding 
homeobox 1; cat. no. sc‑25388; Santa Cruz Biotechnology, 
Inc.), E‑cadherin (cat. no ab15148; Abcam), N‑cadherin (cat. 
no. 610921; BD Biosciences) and Oct4 (cat. no. 2750; Cell 
Signaling Technology, Inc.) were used. Thsese antibodies were 
used for immunofluorescence assays, western blot analysis 
and/or immunoprecipitation (IP).

Neutralization assay. The anti‑EMP3 antibody (1:100) was 
used for the neutralization assay. The normal mouse IgG1 anti‑
body (cat. no. sc‑3877; Santa Cruz Biotechnology, Inc.) was 
used as the control antibody. The experiment was conducted 
in the same manner as the cell culture environment, and the 
subsequent experiments or results were performed/obtained 
after 24‑48 h.

TGF‑β2 treatment. A total of 20 ng/ml TGFB3 (cat. no. 302‑B2; 
Bio‑Techne) was added to cells, and cells were cultured in an 
incubator for 24 h.

Western blotting and IP. Cells were mixed with lysis buffer 
[150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% Triton 
X‑100 in 20 mM Tris‑HCl (pH 7.5)] and protease inhibitor 
cocktail (cat. no. P8340; Sigma‑Aldrich; Merck KGaA). The 
protein concentration was measured using Bradford reagent 
(cat. no. 5000006, Bio‑Rad Laboratories, Inc.) and normalized 
to a standard curve developed using known concentrations 
of BSA. For western blot analysis, 20 µg protein sample 
was loaded on 8‑15% SDS‑gels, resolved using SDS‑PAGE 
and transferred to Hybond nitrocellulose membranes (cat. 
no. 10‑6000‑04; Amersham; Cytiva). Membranes were treated 
with specific antibodies all at a dilution of 1:1,000 overnight in 
a cold chamber at 4˚C. After washing with Tris‑buffered saline 
(cat. no. TR2008‑100‑00; Biosesang), the membrane was 
treated with an horseradish peroxidase‑conjugated secondary 
antibody (cat. no. anti‑rabbit; cat. no. ab205718; or anti‑mouse; 
cat. no. ab205719; both 1:10,000; Abcam) for 2 h at room 
temperature, and a Westzol enhanced chemiluminescence 
detection kit (cat. no. sc‑2048; Santa Cruz Biotechnology, Inc.) 
was used to visualize signals.

IP was performed overnight at 4˚C using a concentration 
of 1:200 concentration‑specific antibody (anti‑EMP3; cat. 
no. ab236671; Abcam; or anti‑TGFBR2; cat. no.  sc‑17791; 
Santa  Cruz Biotechnology, Inc.) with 2  mg cell lysate. 
Then, 0.2 µg protein A/G Ultralink Resin (cat. no. sc‑2003; 
Santa Cruz Biotechnology, Inc.) was added and incubated 
for 2 h at 4˚C. After washing with lysis buffer on the reacted 
samples, the immunoprecipitate was resuspended in 2x SDS 
sample buffer, and analyzed by western blotting using the 

specific antibodies (anti‑EMP3 using the same antibody as 
above; and anti‑TGFBR1; cat. no. sc‑518086; anti‑TGFBR2; 
cat. no. sc‑17791; and anti‑TGFBR3; cat. no. sc‑74511; all from 
Santa Cruz Biotechnology, Inc.).

Invasion and migration assays. Migration assays were 
performed using an uncoated chamber (cat. no. 3422; 8‑µm 
pore; Corning, Inc.) and the ability of cells to migrate was 
measured. Invasion assays were performed by coating the 
chamber with Matrigel® according to the manufacturer's 
protocol. The lower chamber of the Transwell inserts (Cell 
Biolabs) was filled with 800 µl RPMI‑1640 supplemented with 
10% FBS. In the upper chamber, 150 µl serum‑free medium 
(Opti‑MEM®; cat. no. 31985‑070; Invitrogen; Thermo Fisher 
Scientific, Inc.) containing 2x105 cells was added. The cells 
were incubated for 24 h at 37˚C in a humidified incubator with 
5% CO2. Cells that had migrated/invaded to the bottom of the 
chamber were stained with crystal violet (cat. no. HT90132‑1L; 
Sigma‑Aldrich; Merck KGaA) and the cells were counted 
under a light microscope (x400, magnification).

Wound healing assay. Cells were plated in a 60 mm culture 
dish and grown to 80% confluence. A wound was created by 
scraping the monolayer of cells with a 200 µl pipette tip in the 
middle. Floating cells were removed by washing with PBS and 
fresh medium containing 10% FBS was added. The doubling 
time of the A549 cells used was 22 h. Cells were incubated at 
37˚C for 24 h, and imaged using phase‑contrast microscopy 
(magnification, x400). The distance between the edges of the 
wounds shown in the image was measured randomly at three 
or more places and the mean of the three measurements were 
obtained.

Colony‑formation assay and irradiation. Cells were seeded 
at a density of 1x103 cells per 35‑mm cell culture dish (cat. 
no. 430165; Corning, Inc.), and then allowed to adhere for 
24 h in a humidified incubator with 5% CO2 at 37˚C. The 
following day, cells were irradiated with 3 Gy γ‑radiation 
(KAERI). After 10‑14 days, cells were stained for colonies 
(defined as clusters of ≥50 cells) with 0.5% crystal violet for 
1 h at room temperature, and stained colonies were counted. 
Clonal survival rates are expressed as a percentage of the 
non‑irradiated control group.

Immunocytochemistry. In 6 well plates (cat. no. 3516; Corning, 
Inc.), 5x104 cells were grown on glass coverslips and fixed with 
4% paraformaldehyde (cat. no. P2031; Biosesang) for 1 h at 
room temperature. After fixing, cells were incubated overnight 
at 4˚C with antibodies in a solution of PBS containing 0.1% 
Triton X‑100 (cat. no. 161‑0781; Bio‑Rad Laboratories, Inc.) 
and 1% BSA (cat. no. BSAS 0.1; Bovogen). The antibodies used 
were: Human anti‑EMP3 (mouse polyclonal antibody; 1:200), 
ALDH1A1 (mouse polyclonal antibody; 1:200), ALDH1A3 
(rabbit polyclonal antibody; 1:200), CD44 (mouse polyclonal 
antibody; 1:200), E‑cadherin (rabbit polyclonal antibody; 
1:200), N‑cadherin (rabbit polyclonal antibody; 1:200), 
Vimentin (goat polyclonal antibody; 1:200) and TGFBR2 
(rabbit polyclonal antibody; 1:200). Staining was visualized 
using an Alexa Fluor 488‑conjugated anti‑rabbit IgG antibody 
(cat. no. A21206; Invitrogen; Thermo Fisher Scientific, Inc.). 



KAHM et al:  EMP3 REGULATES LUNG CANCER STEM CELLS VIA THE TGF-β SIGNALING PATHWAY4

Nuclei were stained using DAPI (Sigma‑Aldrich; Merck 
KGaA) for 30 min at room temperature. The stained cell 
samples were observed using a fluorescence microscope (Zeiss 
LSM510; Carl Zeiss AG; x400 magnification).

Kaplan‑Meier plotter. Using the published genetic informa‑
tion system, Kaplan‑Meier survival values were obtained 
(kmplot.com/analysis). This was based on results of mRNA 
gene chip analysis using tissues from lung cancer patients. The 
gene symbol used was EMP3. All conditions were set as total 
lung cancer patients.

Statistical analysis. All experiments were performed by 
repeating at least three independent experiments, and the 
results are expressed as the mean  ±  standard deviation. 
Each exact n value is displayed in the corresponding figure 
legend. To validate the data, all graphs were compared using 
a two‑sided paired Student's t‑test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

EMP3 expression is increased in ALDH+ NSCLC. CSCs that 
are resistant to cancer treatment overexpress certain proteins. 
Amongst these, a protein that is overexpressed together with 
a stem cell marker protein is classified as a CSC marker 
protein (32). In previous experiments, ALDH1 was used as a 
marker protein to classify overexpressed genes in LCSCs (33). 
Through classification using the feature extraction software, 
information on 4,300 genes that were expressed >2x higher 
in ALDH1+ cells than in the control group was obtained 
(Fig. 1A). Amongst these, it was confirmed that EMP3 was 
highly upregulated by selecting genes associated with cell 
membrane proteins, and this was selected as they often 
serve as initiation points for signal transduction (Fig. 1B). To 
confirm that EMP3 was specifically overexpressed in CSCs, 
LCSCs were prepared by treatment with the spheroid forma‑
tion assay medium, and EMP3 gene expression was increased 
in the LCSCs (Fig. 1C). In addition, the expression of EMP3 
together with CSC marker proteins was increased in LCSCs 
(Fig. 1D). Based on Kaplan‑Meier analysis, the prognosis of 
patients with high EMP3 expression amongst patients with 
lung cancer was significantly worse compared to those with 
low EMP3 expression (Fig. 1E). A total of 1,925 patients 
with lung cancer were included in the Kaplan‑Meier analysis. 
Patients with low EMP3 gene expression survived an average 
of 81.2 months, and those with high EMP3 gene expression 
survived an average of 62.3 months after diagnosis. These 
results showed that EMP3 may be involved in the prognosis of 
patients with malignant lung cancer.

EMP3 promotes self‑renewal and tumorigenic capacity of 
NSCLC. Although several studies have confirmed the func‑
tionality of the PMP22 family of proteins, little is known 
regarding the functionality of EMP3 in NSCLC. Therefore, in 
the present study, to investigate whether EMP3 was involved 
in the enrichment of NSCLC stem cells, A549 cells were 
used, an adenocarcinoma cell line that exhibits a high level 
of resistance to radiation and high ALDH1 expression (22). 
Knockdown of EMP3 expression via transfection siRNA 

reduced the expression of the CSC marker proteins CD133, 
ALDH1 and CD44. EMP3 was also overexpressed in the lung 
cancer cells to confirm the function of EMP3 more accu‑
rately. The cells used for overexpression were the H460 lung 
cancer cells, which are known to be relatively less malignant 
than the A549 (22). The expression levels of EMP3 in the two 
cells was compared (Fig. S1A). The expression of EMP3 in 
H460 cells was significantly lower than in A549 cells. EMP3 
overexpression was thus performed using the H460 cells. 
The expression of CSC marker proteins was increased in the 
EMP3‑overexpressing cells (Fig. S1B and C). Overexpression 
of EMP3 also reduced the expression of the CSC regulator 
proteins Sox2, Oct‑4 and Nanog (Fig. 2A). In Fig. 2B, the 
difference in the expression of marker proteins according to 
the knockdown of EMP3 expression was confirmed using 
immunocytochemistry. To confirm the effect of EMP3 on 
CSCs, A549 cells were cultured in a serum‑free medium 
containing epidermal growth factor and bFGF to generate 
spheroids. When the expression of EMP3 was suppressed 
using siRNA, the size and number of CSC spheres decreased 
significantly (Fig.  2C). Conversely, when the expression 
of EMP3 was overexpressed, the size and number of CSC 
spheres increased significantly (Fig. S1D). In addition, EMP3 
is a cell membrane protein, and direct inhibitory action using 
an antibody was confirmed. Treatment with the anti‑EMP3 
antibody resulted in similar outcomes as those obtained 
from treatment with siRNA (Fig. 2D). A single cell assay 
and a limited dilution assay were performed to confirm the 
effects of EMP3 on self‑renewal, a characteristic of CSCs. 
The self‑renewal ability was decreased in the si‑EMP3 
treated group (Fig.  2E  and G). As shown above, EMP3 
can be directly inhibited by treatment with the anti‑EMP3 
antibodies. Treatment with the anti‑EMP3 antibody resulted 
in similar outcomes as those obtained from treatment with 
siRNA (Fig. 2F). To assess whether EMP3 was involved in 
the characterization of tumor resistance to ionizing radiation, 
the effect of EMP3 on the clonal formation of A549 cells was 
investigated. Colony formation was suppressed in the EMP3 
knockdown cells. These results indicate that the sensitivity 
to radiation was modulated by EMP3. As above, antibody 
treatment has a similar effect to that of EMP3 knockdown 
(Fig. 2H and I). CSCs have been shown to possess more than 
one aberration in various signaling pathways (13). Amongst 
them, Notch, Hedgehog (HH) and Wnt signals control stem 
cell self‑renewal and play an important role in embryonic 
development and differentiation, but within CSCs, they 
contribute to a signaling system that promotes recurrence 
and metastasis of cancer by engaging in abnormal signaling. 
siRNA was used to confirm whether EMP3 was involved in 
the regulation of these important signaling systems in CSCs. 
The results showed that Notch, HH and Wnt signals were all 
regulated by EMP3 (Fig. 2J).

EMT is regulated by EMP3. Previously, a direct link has been 
reported between EMT progression and acquisition of stem 
cell properties  (25,34). In general, CSC and EMT exhibit 
similar signaling mechanisms  (35). Amongst the several 
features of EMT, the most distinctive is related to cancer 
metastasis caused by increased mobility and invasiveness of 
cancer cells. Cancer metastasis may be preventable by studying 
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the signaling mechanisms associated with EMT and estab‑
lishing effective control methods. However, whether EMP3 
participates in EMT remains unknown, and is of interest as 
EMT is closely associated with CSCs. In the present study, 
the intracellular expression levels of E‑cadherin, N‑cadherin 
and Vimentin, which are EMT marker proteins, and Snail, 
slug, Twist and ZEB1, which are EMT‑related transcription 
factors, were investigated by western blotting. When EMP3 
expression was knocked down using siRNA, expression of 
EMT markers and EMT‑related transcription factors was 
decreased (Fig. 3A). Immunofluorescence staining confirmed 
that inhibition of EMP3 expression upregulated the levels of 
the epithelial marker protein E‑cadherin and downregulated 
the levels of the mesenchymal marker proteins N‑cadherin and 
Vimentin (Fig. 3B). To confirm these results, the A549 cell line 

was used to evaluate the effect of EMP3 on cell migration and 
invasion. First, an in vitro wound healing assay was performed. 
The migration of A549 cells into the wound was significantly 
reduced when EMP3 gene expression was knocked down when 
compared with the control group (Fig. 3C). Likewise, when 
the A549 cell line was treated with an anti‑EMP3 antibody, 
the migration of the cells to the wound site was significantly 
reduced (Fig. 3D). Conversely, when the EMP3 gene was over‑
expressed in the H460 cell line, cell migration into the wound 
was increased (Fig. S1E). Additionally, the effect of EMP3 on 
cell migration and cell invasion were assessed using Transwell 
assays. EMP3 notably regulated the invasion and migration of 
A549 cells (Fig. 3E and F). In the EMP3 overexpressing H460 
cells, it was confirmed that cell migration and invasion was 
increased (Fig. S1F).

Figure 1. EMP3 expression is upregulated in ALDH1 overexpressing A549 cells. (A) A schematic diagram of sorting of A549 cells into ALDH1+ and 
ALDH1‑ cells using a cell sorter. (B) The expression levels of EMP family members were confirmed by microarray analysis of the gene expression levels of 
the sorted ALDH1‑/+ cells. Detailed information on gene expression is provided in Table SII. (C) The mRNA expression levels of the EMP family members in 
the A549 cells treated with CM was confirmed by PCR. GAPDH was used as a loading control. (D) Western blot analysis of CSC marker proteins ALDH1A1 
and ALDH1A3. β‑actin was used as a loading control. (E) Kaplan‑Meier survival curve showing the survival levels of patients with lung cancer according to 
the expression levels of EMP3. n=1,925; log rank P=0.00019. EMP3, epithelial membrane protein 3; ALDH1, aldehyde dehydrogenase 1; PMP22, peripheral 
myelin protein 22‑kDa; CM, conditioned media. 
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Figure 3. EMP3 is involved in EMT in lung cancer stem cells. (A) Western blot analysis of EMT marker proteins E‑cadherin, N‑cadherin and Vimentin. 
EMT regulatory proteins Snail, Slug, TWIST and ZEB1 were also analyzed by western blot. A549 cells were transfected with siRNA targeting EMP3. 
(B) Immunocytochemistry analysis of EMT marker proteins after transfection with siRNA targeting EMP3 in A549 cells. A primary antibody targeting 
each marker protein was used, and the secondary antibody used was tagged with GFP. Wound healing assays of the (C) EMP3‑knockdown A549 cells and 
(D) anti‑EMP3 antibody treated A549 cells. Migration and invasion assays of (E) EMP3‑knockdown A549 cells and (F) anti‑EMP3 antibody treated A549 
cells. Data are presented as the mean ± standard deviation of three repeats. Scale bar, 50 µm. **P<0.01, ***P<0.001, ****P<0.0001. EMP3, epithelial membrane 
protein 3; EMT, epithelial‑mesenchymal transition; ZEB1, Zinc finger E‑box‑binding homeobox 1; siRNA, small interfering RNA. 

Figure 2. EMP3 regulates CSC properties in lung CSC. (A) Western blot analysis of the CSC marker proteins CD133, ALDH1A1, ALDH1A3 and CD44. 
The CSC regulatory proteins Sox2, Oct‑4 and Nanog were also analyzed by western blotting. A549 cells were transfected with siRNA targeting EMP3. 
(B) Immunocytochemistry analysis of CSC marker proteins using siRNA treated A549 cells. The green signal is produced by the GFP tag on the secondary 
antibody. (C) Sphere‑forming capacity analysis of A549 cells in siRNA transfected EMP3 cells and (D) the ability to of an anti‑EMP3 antibody to abrogate 
sphere formation was assessed. (E) Single‑cell assay of si‑EMP3 transfected cells and (F) the ability of the anti‑EMP3 antibody to abrogate this. (G) Limiting 
dilution assays were performed in 96 well plates. Wells were plated with 1, 50, 100, 150 or 200 cells/well, and conditioned media was added. Results were 
confirmed 10 days after seeding of cells. Colony‑formation assays to observe the clonogenicity of the (H) EMP3‑knockdown A549 and (I) anti‑EMP3 antibody 
treated A549 cells. Cells were irradiated with 3 Gy radiation. After 10 days of incubation, the colonies were stained with crystal violet. (J) Western blot analysis 
of members of the Sonic hedgehog, Wnt/β‑catenin and Notch signaling pathways in CSCs. Data are presented as the mean ± standard deviation of three repeats. 
Scale bar, 50 µm. *P<0.05 vs. control. EMP3, epithelial membrane protein 3; ALDH1, aldehyde dehydrogenase 1; CSC, cancer stem cell; Sox2, sex determining 
region Y‑box 2; Oct‑4, octamer‑binding transcription factor 4; siRNA, small interfering RNA; p, phosphorylated; GSK3‑β, glycogen synthase kinase 3‑β. 
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Direct binding to TGFBR2 of EMP3 activates the down‑
stream TGF‑β/Smad signaling pathway. There are three 
main types of TGF‑β receptors: The transmembrane 
serine/threonine kinase receptor, type  1 TGF‑β receptor 
(TGFBR1), type II TGF‑β receptor (TGFBR2) and β‑glycan, 
and type III TGF‑β receptor (TGFBR3) (29). IP analysis was 
performed to confirm the binding of three types of TGF‑β 
receptors (TGFBR) to EMP3. EMP3 bound to TGFBR2, and 
this was further confirmed by IP analysis using a TGFBR2 
antibody (Fig. 4A and B). In addition, western blot analysis 
was used to confirm the association of EMP3 with Smad 
downstream of TGFBR. The phosphorylation of Smad2 and 
Smad3 was lower in the si‑EMP3 treated group, suggesting 
that the TGFBR‑Smad signaling axis was regulated by EMP3. 
(Fig. 4C). Since the binding between the two proteins is related 
to the intracellular location, ICC analysis was used to confirm 
the subcellular location of EMP3 and TGFBR2, and the 
results showed that EMP3 and TGFBR2 were colocalized at 
the membrane, and that EMP3 regulated the TGFBR2‑Smad 
signaling pathway (Fig. 4D). Additionally, following TGF‑β2 
(TGFB2) treatment, the sub‑signaling mechanism of TGFBR 
was confirmed (Fig. 4E). In the cells treated with si‑EMP3, 
it was observed that p‑Smad2 and p‑Smad3 levels were 
decreased even when treated with TGFB2. This confirmed 
that EMP3 was involved in the downregulation of TGFBR2 
signaling through TGF‑β. In addition, it was confirmed that 
the expression of EMP3 was lower in cells treated with 
si‑TGFBR2 (Fig. 4F). This suggests that another mechanism 
linked EMP3 and TGF‑β signaling.

Discussion

In the present study, it was confirmed that EMP3 expression is 
upregulated in LCSCs. However, according to a recent paper, 
EMP2, one of the EMP family proteins, has been reported to 
prevent cancer malignancy (36). Contrary to the increase in 
expression of the EMP3 gene observed in the present study, 
all other EMP family genes showed a decreasing trend. In 
LCSCs, it is necessary to confirm the change in expression 
and function of the other EMP family members, to compare 
with EMP3, and to obtain a more holistic picture of EMPs in 
lung cancer.

Numerous studies on the signaling process of TGFBR 
have been reported. Changes in TGF‑β have been linked to 
TGFBR, and both have been associated with a variety of 
diseases, including cancer and inflammation (37‑39). It can be 
confirmed that the disruption of TGF‑β homeostasis occurred 
in samples of various several cancers (26‑29). However, the 
specifics of the signaling processes regulated EMP3 and 
TGFBR2 remained to be determined, and will form the 
subject of future studies, and may be considered an important 
part of the EMP3 signaling process. In addition, TGFBR 
signaling has a profound relationship on the inflammatory 
response (37,39), and this may serve as an indication of the 
relationship with immune cells. CSCs inhibit the activation of 
immune cells and allow for evasion of immune cells, which 
allows for the formation of malignant cancers and metastases, 
and EMP3‑TGFBR axis identified in the present may be 
involved in this process (13,40,41).

Figure 4. EMP3 regulates TGF‑β signaling activation in lung cancer stem cells. (A) Immunoprecipitation analysis of EMP3 binding to TGFBRs in A549 cells. 
Anti‑EMP3 antibodies were used to treat the EMP3‑knockdown A549 lysates. (B) Immunoprecipitation analysis of TGFBR2 binding to EMP3 in A549 cells. 
(C) Western blot analysis of members of the TGF‑β signaling pathway. β‑actin was used as the loading control. (D) Immunocytochemistry analysis of the interaction 
between EMP3 and TGFBR2 in A549 cells. (E) After A549 cells were treated with si‑EMP3, cells were treated with 20 ng/ml TGFB2 for 24 h. After treatment, 
cells were harvested after 48 h. (F) After treatment with si‑TGFBR2, the expression of EMP3 and the TGF‑β signaling members was confirmed. Scale bar, 50 µm. 
EMP3, epithelial membrane protein 3; TGF‑β, transforming growth factor‑β; TGFBR, TGF‑β receptor; siRNA, small interfering RNA; p, phosphorylated. 
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Taken together, the results confirmed that EMP3 regu‑
lates the CSC population, EMT and the phosphorylation of 
Smad through binding with TGFBR2. EMP3 is a protein 
present in the cell membrane, and can bind to various 
proteins present in the cell membrane, such as RTK, and 
integrins, as well as TGFBR2 as identified herein (42,43). 
In addition, it is predicted to modulate or be involved in 
various signaling mechanisms through binding to proteins 
present in cells. Furthermore, since EMP3 is present at the 
cell membrane, it may allow for easier targeting by drugs, a 
possible advantage of this protein as a potential druggable 
target. In general, targets present at cell membranes are 
easier targets for development of anticancer agents, and play 
an important role in regulating signals inside and outside 
of cells (44‑46). Thus, EMP3, which is present at the cell 
membrane, may be an important target in the development 
of anticancer drugs. Furthermore, EMP3 affects sensitivity 
to radiation, and CSCs are characterized by resistance to 
ionizing radiation (13,15,22). Therefore, inhibition of EMP3 
may reduce tumor resistance to ionizing radiation and maxi‑
mize therapeutic efficacy. Considering these results together, 
it is hypothesized that EMP3 may be targeted to improve the 
efficacy of radiotherapy.
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