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tGf‑β induced eMt and stemness 
characteristics are associated 
with epigenetic regulation in lung 
cancer
Bit na Kim1,2,7, Dong Hyuck Ahn 1,2,7, Nahyeon Kang1,2, Chang Dong Yeo1,2, 
Young Kyoon Kim1, Kyo Young Lee3, Tae‑Jung Kim3, Sug Hyung Lee4, Mi Sun Park5, 
Hyeon Woo Yim5, Jong Y. Park6, Chan Kwon Park1,2,8* & Seung Joon Kim1,2,8*

Transforming growth factor‑β (TGF‑β) promotes tumor invasion and metastasis by inducing epithelial‑
mesenchymal transition (EMT). EMT is often related with acquisition of stemness characteristics. The 
objective of this study was to determine whether EMT and stemness characteristics induced by TGF‑β 
might be associated with epigenetic regulation in lung cancer. A human normal lung epithelial cell 
line and four lung cancer cell lines were treated with TGF‑β. Transcriptome analysis of BEAS‑2B and 
A549 cells incubated with TGF‑β were analyzed through next‑generation sequencing (NGS). Western 
blotting was carried out to investigate expression levels of epithelial and mesenchymal markers. 
Wound healing and Matrigel invasion assay, sphere formation assay, and in vivo mice tumor model 
were performed to evaluate functional characteristics of EMT and stemness acquisition. To investigate 
whether activation of EMT and stem cell markers might be involved in epigenetic regulation of lung 
cancer, experiment using a DNA methyltransferase inhibitor (5‑azacytidine, AZA), methylation‑
specific PCR (MSP) and bisulfite sequencing were performed. NGS revealed changes in expression 
levels of EMT markers (E‑cadherin, N‑cadherin, fibronectin, vimentin, slug and snail) and stem cell 
markers (CD44 and CD87) in both BEAS‑2B and A549 cells. Functional analysis revealed increased 
migration, invasion, sphere formation, and tumor development in mice after TGF‑β treatment. 
Expression of slug and CD87 genes was activated following treatment with AZA and TGF‑β. MSP and 
bisulfite sequencing indicated DNA demethylation of slug and CD87 genes. These results suggest that 
TGF‑β induced EMT and cancer stemness acquisition could be associated with activation of slug and 
CD87 gene by their promoter demethylation.

Although improvements have been made in cancer treatment, lung cancer remains the leading cause of cancer 
death worldwide. The poor prognosis is due to its diagnosis at advanced stage of the  disease1,2. Failure in treat-
ment is related with cancer recurrence and metastasis. It has been reported that both epithelial–mesenchymal 
transition (EMT) and acquisition of cancer stemness play important roles in the invasion, metastasis, and chem-
oresistance of solid  tumors3,4.

Transforming growth factor-beta (TGF-β) regulates invasion and metastasis through loss of epithelial markers 
and gain of mesenchymal markers. TGF-β induced EMT is a major feature of EMT invasiveness and metastasis 
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for tumor  progression5,6. During the transition, epithelial cells can obtain invasive and migratory properties to 
become cells having stemness  characteristics3.

Cancer stem cell (CSC) has the ability to self-renew and initiate tumor formation. Thus, it is intrinsically 
resistant to therapy. EMT inducers such as TGF-β, Wnt, Notch, NF-kB, and ERK/MAPK pathways can promote 
stem cell characteristics of solid  tumors7–10. During EMT and stemness acquisition, epigenetic mechanisms such 
as DNA methylation and histone modifications are involved in the regulation of EMT and stemness-related 
 genes11–15. However, whether EMT and stemness characteristics induced by TGF-β might be associated with 
epigenetic regulation in lung cancer remains unclear. Thus, the aim of the present study was to evaluate the 
effect of TGF-β induced EMT on stemness acquisition of lung cancer cells and determine the possible epigenetic 
mechanisms involved in the development of lung cancer.

Methods
Cell culture and transcriptome analysis. A human normal lung epithelial cell line and four lung cancer 
cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). BEAS-2B 
cells were cultured in DMEM/F/12 medium. A549, H292, H226, and H460 cells were maintained in RPMI 1640 
medium. Each of the medium was supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 
100 μg/mL streptomycin, and 250 ng/mL amphotericin B. Cells were maintained at 37 ℃ in a 5% CO2 humidi-
fied atmosphere. To analyze the effect of TGF-β, cells were treated with 10 ng/mL TGF-β (R&D Systems, Min-
neapolis, MN, USA).

We used not only representative NSCLC cell lines (one adenocarcinoma cell line, NCI-A549; one squamous 
cell carcinoma cell line, NCI-H226), but also other lung cancer cell lines (one large cell carcinoma cell line, 
NCI-H460; one mucoepidermoid pulmonary carcinoma cell line, NCI-H292) for the supportive information. 
We want to confirm the effect of TGF-β on EMT and stemness acquisition, which is a general feature regardless 
of aggressiveness of lung cancer cell lines including normal lung cell line although BEAS-2B might not the best 
control for adenocarcinomas.

Transcriptomes of BEAS-2B and A549 cells treated with TGF-β for 72 h were analyzed as described 
 previously16. Transcriptome analysis by next-generation sequencing (NGS) in Fig. 1 was based on two samples 
(BEAS-2B and A549) to screen EMT and stemness genes induced by TGF-β treatment.

Western blot analysis. Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer supple-
mented with protease inhibitors for 20 min. Proteins (20 μg) extracted from cells were separated on SDS-PAGE 
gel and transferred to a nitrocellulose membrane. The membrane was blocked for 1 h with blocking buffer (5% 
non-fat milk in PBS containing 0.1% Tween 20) and then incubated with primary antibodies dissolved in block-
ing buffer at 4 ℃ overnight. Membranes were washed with TBS-T buffer (PBS with 0.1% Tween 20) for 5 min 
three times and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at RT for 1 h. 
The membrane was developed using an ECL Kit (Amersham Pharmacia Biotech, Little Chalfont, Buckingham-
shire, UK) with X-ray film.

The primary antibodies used in this western blotting were as follows: E-cadherin (H-108, 1:1000, sc-7870; 
Santa Cruz Biotechnology, Inc.), N-cadherin (H-63, 1:1000, sc-7939; Santa Cruz Biotechnology, Inc.), fibronectin 
(EP5, 1:1000, sc-8422; Santa Cruz Biotechnology, Inc.), vimentin (V9, 1:1000, sc-6260; Santa Cruz Biotechnol-
ogy, Inc.), slug (1:1000, GTX31749; GeneTex), snail (1:10000, GTX125918; GeneTex), and GAPDH (D4C6R, 
1:1000, 97,166; Cell Signaling Technology).

Migration, Matrigel invasion and sphere formation assay. Migration, Matrigel invasion and sphere 
formation assay were performed as described  previously16. After overnight incubation of lung cells, wells were 
manually scratched using a 200-μL pipette tip on the bottom of the well. Migrated cells were cultured in serum-
free medium with or without 10 ng/mL TGF-β for 72 h.

After treatment with TGF-β for 72 h, 2.5 × 104 cells were seeded onto Matrigel-coated membrane with Falcon 
Cell Culture Inserts in 24-well plates (pore size, 8 μm; Corning Inc., Corning, NY, USA) containing serum-free 
medium. Inserts were placed into 24-well culture plates that contained medium with 5% FBS. The ImageJ software 
was used to count the number of invaded cells.

Lung cells were seeded at densities of 5 × 103 cells per well in serum-free DMEM/F-12 medium supplemented 
with 1 × B27 (Gibco, Grand Island, NY), 20 ng/mL epidermal growth factor (EGF; PeproTech Inc., Rocky Hill, 
NJ), and 20 ng/mL fibroblast growth factor (FGF; PeproTech Inc., Rocky Hill, NJ) in Corning Ultra-Low Attach-
ment 6 well plates (Corning Inc., Corning, NY). After treatment with TGF-β for 72 h, spheres were captured 
with an EVOS XL Core microscope (Advanced Microscopy Group, Bothell, WA, USA).

Animal model. Mice experiments were carried out according to guidelines approved by the Institutional 
Animal Care and Use Committee of the Catholic University Medical School (Approval no. CUMC-2015-0080-
01). Based on methods described in previous  studies17,18, we prepared an animal subcutaneous implantation 
model using BALB/c nude mice for the analysis of stemness characteristics. After incubating BEAS-2B, A549, 
and H226 cells with TGF-β for 72 h, 1 × 105, 1 × 106, or 5 × 106 cells were injected into each side of the mouse 
flank. Cells untreated with TGF-β were implanted on the left and cells treated with TGF-β were implanted on 
the right. Tumor development and growth were checked three times per week. At 2 weeks after injection, mice 
were sacrificed to obtain tumor samples.
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Treatment with a DNA methyltransferase inhibitor. Cells were incubated at a low density (1.0 × 105 
cells/well in 6-well plates) for 24 h before treatment. They were then treated with 5 µM 5-azacytidine (AZA, 
DNA methyltransferase inhibitor; Sigma, St. Louis, MO, USA) for 24 h. DMSO was used as a negative control.

Real‑time RT‑PCR to analyze CD87 and slug expression. 1 μg of RNAs extracted from BEAS-2B and 
A549 cells for each test were used to synthesize cDNAs. Expression levels of slug and CD87 were then quantified 
using GoTaq® qPCR Master Mix (Promega, Madison, WI, USA) and primers specific for slug and CD87 on an 
Exicycler™ 96 (Bioneer, Daejeon, Korea). PCR conditions were: an initial denaturation step of 95 °C for 5 min, 
followed by 40 cycles for 30 s at 95 °C, 60 °C, and 72 °C. Expression levels of slug and CD87 were normalized to 
that of GAPDH.

Analysis of slug and CD87 promoter regions and sodium bisulfite conversion. For methylation-
specific PCR and bisulfite sequencing, slug and CD87 primers were designed using Methyl Primer Express® 
Software Version 1.0 (Applied Biosystems, Foster City, CA, USA) and MethPrimer (www.uroge ne.org/methp 
rimer ) based on the location and structures of slug and CD87 CpG islands. DNA extracted from cells was treated 
with sodium bisulfite (EpiTect Bisulfite Kit; Qiagen, Seoul, Korea).

Methylation‑specific PCR. Methylation-specific PCR was performed to investigate slug and CD87 meth-
ylation in bisulfite-modified DNA. The following primer pairs were used to determine unmethylation levels 
of slug and CD87 genes (slug: forward, GGA AGC CCT GAG TAG CGC AGC; reverse, AGA CAA AGG CGC CTG 
TGA GCG and CD87: forward, CAC CAG CCG GCC GCG CCC C; reverse, CTC CCA GAC GTT TTG CGA A). 
Methylation levels of slug and CD87 genes were analyzed with the following primer pairs (slug: forward, GGA 
AGT TTT GAG TAG CGT AGC; reverse, AAA CAA AAA CGC CTA TAA ACG and CD87: forward, TAT TAG TCG 
GTC GCG TTT C; reverse, CTC CCA AAC GTT TTA CGA A). Both unmethylation and methylation levels were 
normalized against β-actin gene. Ratio of methylation level of target gene (slug or CD87) to that of β-actin was 
used to represent the relative level of unmethylation and methylation of promoter DNA (slug and CD87/β-
actin). Bisulfite-modified DNA was amplified using GoTaq® Green Master Mix (Promega, Madison, WI, USA), 

Figure 1.  Transcriptome analysis using next-generation sequencing in BEAS-2B and A549 cells treated with 
TGF-β for 72 h to screen EMT and stemness genes. (A) A distinct separation of mRNA expression patterns of 
cells treated with or without TGF-β was indicated by heat map of hierarchical clustering. (B) mRNA expression 
levels of N-cadherin, fibronectin, Vimentin, slug, and snail were increased in lung cells treated with TGF-β 
whereas those of E-cadherin were decreased in cells treated with TGF-β. (C) Expression levels of stem cell 
markers (CD44 and CD87) were enhanced following TGF-β treatment.

http://www.urogene.org/methprimer
http://www.urogene.org/methprimer
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10 μM of each primer, and 250 ng of template DNA using MyCycler™ PCR machine (Bio-Rad, Hercules, CA, 
USA). PCR products were separated with 2% agarose gel and detected using ChemiDoc™ Imaging Systems (Bio-
Rad, Hercules, CA, USA) and ImageJ software.

Bisulfite sequencing PCR. Bisulfite sequencing PCR was evaluated using bisulfite-modified DNA at CD87 
promoter region with the following primers: forward, TTT GGG GAT AGA GTT GTG ATT; reverse, CCT CAA 
TTA AAC CCT ATT CCAA. PCR products were then sequenced.

Statistical analysis. Data are presented as mean values ± standard error. Considering the small sample 
size, analyses were performed using non-parametric Wilcoxon rank-sum tests to identify significant differences 
between two groups. All reported P values are one-tailed P-value for a pre-specified direction in the alternative 
because the hypothesis of interest was only one-directional based on previous  studies19,20 regarding the induc-
tion of EMT and stemness acquisition by TGF-β treatment. Statistical analyses were performed using SAS ver-
sion 9.4 (SAS Institute, Cary, NC, USA).

Results
Transcriptome analysis following TGF‑β treatment using NGS. To investigate the effect of TGF-β 
on mRNA expression in lung cells (BEAS-2B and A549), next-generation sequencing was performed for tran-
scriptome analysis. Obvious differences in mRNA expression patterns were shown between cells treated with 
and without TGF-β (Fig. 1A). To analyze the effect of TGF-β on EMT and stemness characteristics, various EMT 
and stem cell markers were examined. Expression levels of E-cadherin, the epithelial marker, were decreased 
5.1- to 6.1-fold while those of mesenchymal markers (N-cadherin, fibronectin, vimentin, slug and snail) were 
increased more than twofold in cells treated with TGF-β (Fig. 1B). Among stem cell marker candidates, CD44 
and CD87 expression levels were increased around twofold following TGF-β treatment (Fig. 1C). Fold changes 
of various EMT and stem cell markers are presented in Table 1.

Expression of TGF‑β induced EMT markers. The protein expression levels of each marker were evalu-
ated with a series of cell lines, BEAS-2B, A549, H292, H226 and H460. Consistent with transcriptome analysis, 
E-cadherin expression was decreased in BEAS-2B, A549, and H292 cells treated with TGF-β. Expression levels of 
N-cadherin, fibronectin and snail were increased in BEAS-2B, A549, H292 and H460 cells and those of vimentin 
and slug were increased in BEAS-2B and A549 cells treated with TGF-β although their expression levels differed 
among lung cell lines (Fig. 2).

Functional assessment of EMT following TGF‑β treatment. To examine whether TGF-β could aug-
ment migration and invasion, wound healing and Matrigel invasion assay were performed. Wound healing assay 
revealed that TGF-β increased migration of lung cells toward the center of the scratched area (Fig. 3A). Matrigel 
invasion assay indicated that TGF-β significantly increased transwell invasion of lung cells (Fig. 3B).

Acquisition of stemness in vitro and in vivo. Sphere formation assay has been used to indicate stem cell 
growth. Sphere formation rates of all lung cells treated with TGF-β were increased compared to those untreated 
with TGF-β (Fig. 4A).

Tumor-forming ability of cells treated with TGF-β was compared following injection into BALB/c nude 
mice. The potential of lung cells to form a tumor was analyzed as the rate of tumor development based on size 
and weight. Tumor size and weight were higher in TGF-β treated cell groups than those in TGF-β untreated cell 
groups (Fig. 4B and C).

Activation of slug and CD87 by its promoter demethylation. To examine whether EMT and stem 
cell marker expressions were activated aberrantly, we investigated expression levels of EMT and stem cell mark-
ers after treatment with a DNA methyltransferase inhibitor AZA. AZA treated cells showed increased slug and 
CD87 expression levels compared with TGF-β (−) control (n = 3, P < 0.05; Fig. 5A). These findings suggest that 
DNA demethylation is associated with the activation of slug and CD87 expression.

DNA from lung cells was converted with sodium bisulfite. Unmethylation and methylation levels at slug and 
CD87 promoter regions were then compared among lung cells treated with or without TGF-β using methylation-
specific PCR. After TGF-β treatment, unmethylation levels of slug and CD87 genes were increased whereas, 
methylation levels of slug and CD87 genes were decreased in both BEAS-2B and A549 cells (P < 0.05; Fig. 5B 
and C).

To indicate CpG site methylation pattern of CD87 promoter region, bisulfite sequencing was analyzed in 
BEAS-2B and A549 cells. Representative bisulfite sequencing results of six CpG sites (underlined letters) within 
a 100-bp promoter region of CD87 gene are presented in Fig. 6. After TGF-β treatment, demethylated CpG sites 
are indicated by red letters in Fig. 6. Heterozygote C/T double peaks (Y) were found at several sites.

Discussion
The objective of this study was to examine the effect of TGF-β on possible EMT and stem cell markers in the 
induction of EMT and stemness acquisition. Moreover, we investigated whether the mechanism of EMT and 
stemness acquisition was related to the activation of possible EMT and stem cell markers by epigenetic change 
of related genes. Various lung cell lines were used because we want to confirm whether the effect of TGF-β in 
the EMT and stemness acquisition is a common feature despite different aggressiveness of lung cancer cell lines 
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Table 1.  Next-generation sequencing analysis for fold change and gene volume of EMT and stem cell marker 
expressions induced by TGF-β.

Gene

Fold change Gene volume

BEAS-2B A549 BEAS-2B A549

EMT related

 E-cadherin − 5.131572 − 6.16003 3.836665 3.210531

 N-cadherin 4.99275 3.846411 3.915075 3.275512

 Fibronectin 5.995764 5.927276 5.498908 5.162317

 Vimentin 2.87307 2.532724 8.781097 9.386723

 α-SMA 1.968616 1.050212 1.570309 2.143424

 Slug 2.130321 2.102772 0.381627 0.742718

 Snail 2.603393 2.879873 2.868386 3.170173

 Twist1 − 1.095069 − 1.1355 1.340565 1.423161

 Twist2 − 1.103786 − 1.14108 2.368498 3.055397

 ZEB1 1.867336 1.335399 1.888146 2.674815

 ZEB2 1.128909 1.072538 0.460226 0.588725

 ZO-1 1.369319 1.524285 4.877554 5.275308

Stem cell related

 CD44 1.846255 1.998812 6.509078 7.17178

 CXCR4 1.051758 − 1.13452 0.476323 0.121663

 ABCG2 − 4.241183 − 2.25365 1.812526 1.415971

 ALDH1A1 1.132919 1.393279 11.74794 11.41651

 EpCAM − 3.548091 − 2.12584 4.650325 1.94072

 CD90 1.379704 1.9047 0.522715 1.466032

 Nanog 1.184785 − 1.01217 0.112677 0.009034

 SOX2 − 2.840429 − 1.42603 0.703701 0.328854

 SSEA4 1.039819 − 1.2167 1.810111 2.276493

 CD166 1.06801 1.618312 5.318266 5.592176

 BMI-1 1.025095 1.377714 3.322621 2.855195

 Nestin − 1.01858 − 1.21427 1.13823 1.034249

 Musashi-1 1.122545 1.180573 1.117478 0.757083

 CD87 1.906373 2.066904 6.315332 5.832158

 MET 1.155958 − 1.08475 5.463949 4.968498

 SLC3A2 − 1.563981 − 1.08387 8.266959 8.284722

 c-Myc 1.057811 − 1.04973 6.020233 5.450993

 KLF4 − 2.110727 − 1.71194 2.649128 2.578687

Figure 2.  Expression of TGF-β induced EMT markers. E-cadherin expression levels were decreased in 
lung cells (BEAS-2B, A549 and H292) following TGF-β treatment whereas those of N-cadherin, fibronectin, 
vimentin, slug, and snail were increased, although their protein levels differed according to lung cells. Cropped 
images are displayed, uncropped blots are displayed in Supplementary Fig. S1.
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Figure 3.  Functional analysis of EMT using wound healing and Matrigel invasion assays following TGF-β 
treatment. (A) Although the growth rate of lung cells treated with TGF-β was different, cell migration toward 
the center of scratched area was higher in lung cells induced by TGF-β. (B) Transwell invasion in BEAS-2B, 
A549, H292, H226, and H460 cells following TGF-β treatment was enhanced. Data are presented as mean ± SE 
(n = 4, *P < 0.05).
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including normal immortalized lung cell line, BEAS-2B. We previously reported that CXCR4 activation by its 
aberrant promoter demethylation was associated with hypoxia-induced acquisition of EMT and cancer stem 
cell characteristics in lung  cancer16.

In the present study, next-generation sequencing was performed for transcriptome analysis to investigate 
the effect of TGF-β on expression levels of EMT and stem cell markers. TGF-β induces the demethylation of 
H3K27me3 in Snail1 promoter and overexpresses Snail1, which cause EMT. Referring to these results, it’s possible 

Figure 4.  Acquisition of stemness in vitro and in vivo. (A) Sphere forming potentials of all lung cells following 
TGF-β treatment were higher than those of cells untreated with TGF-β. (B, C) Tumor formation abilities in 
BEAS-2B, A549, and H226 cells treated with or without TGF-β were compared following injection into BALB/c 
nude mice. Numbers of mice that developed tumors were higher in TGF-β treated cell groups compared to 
those in TGF-β untreated cell groups. Weight and size of the tumors were enhanced following injection of 
BEAS-2B (1 × 106 and 5 × 106), A549 (5 × 106), and H226 (5 × 106) cells treated with TGF-β compared with those 
in TGF-β untreated cell groups. Data are presented as mean ± SE (*P < 0.05, †P < 0.01).
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that the mechanism of TGF-β to induce EMT is correlated with Smad, which is the upstream molecule of Snail 
in the TGF-β signaling  cascade21,22. Based on previous evidences, the following candidate EMT and stem cell 
markers were chosen: EMT markers, E-cadherin, N-cadherin, fibronectin, vimentin, α-SMA, slug, snail, Twist1, 
Twist2, ZEB1, ZEB2 and ZO-1; stem cell markers, CD44, CXCR4, ABCG2, ALDH1A1, EpCAM, CD90, Nanog, 
SOX2, SSEA4, CD166, BMI-1, nestin, Musashi-1, CD87, MET, SLC3A2, c-Myc, and KLF4 (Table 1). Among 
these EMT markers, N-cadherin, fibronectin, vimentin, slug, and snail were enhanced. Results were validated by 

Figure 5.  TGF-β induced slug and CD87 activations by their promoter DNA demethylations. (A) After 
treatment with either DNA methyltransferase inhibitor (AZA) or TGF-β, real-time RT-PCR indicated 
significantly enhanced slug and CD87 expressions compared with controls (non-AZA + non-TGF-β) in 
BEAS-2B and A549 cells. Data are presented as mean ± SE (n = 3, *P < 0.05). (B, C) Methylation-specific 
PCR revealed increased unmethylation levels of slug and CD87 genes in TGF-β treated cell groups whereas 
methylation levels of these genes were decreased following TGF-β treatment. These expression levels were 
compared with controls (non-TGF-β). Cropped images of Figs. B and C are displayed, uncropped blots are 
displayed in Supplementary Figs. S2 and S3. Data are presented as mean ± SE (n = 3, *P < 0.05).
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western blotting. Among these stem cell markers, CD44 and CD87 expression levels were increased. This result 
was verified by real-time RT-PCR. Experimental conditions including TGF-β concentration, duration of TGF-β 
exposure, and the type of cell lines might have influenced experimental outcomes.

TGF-β induced EMT was demonstrated by a reduction in epithelial marker (E-cadherin) and an induction in 
mesenchymal markers (N-cadherin, fibronectin, vimentin, slug and snail). These changes of EMT markers were 
functionally validated with wound healing and Matrigel invasion assay. All lung cell lines (i.e., normal cell line 
BEAS-2B and four cancer cell lines A549, H292, H226, and H460) displayed increased migration and transwell 
invasion. These results correspond with previous studies showing that TGF-β can induce  EMT23,24.

Slug and snail are zinc finger transcription factors that regulate EMT in primary human cancers including 
pancreatic cancer, breast cancer, gastric cancer, lung cancer, and ovarian  cancer25–27. Cell surface receptor CD44 
and urokinase receptor CD87 can be candidate stem cell markers for multiple solid tumors including breast 
cancer, head and neck cancer, and ovarian  cancer28–31. Although CD44 was analyzed to have 26 stemness signa-
ture, we could not find CD87 as a stemness marker from the  StemChecker32. We designed our experiments to 
screen the stemness related genes with NGS, which was used by previous  studies30,33 indicating CD87 might be 
a potential stemness marker in SCLC and breast cancer. The results of these studies provided the stemness genes 
and their physiological meaning, which are the main reason why we selected the stemness markers.

EMT marker slug can be induced by TGF-β treatment in prostate cancer and lung  cancer34,35. Stem cell 
marker CD87 can be activated by TGF-β in melanoma  cells36. Previous reports have suggested that expression 
levels of EMT markers (such as slug and snail) and stem cell markers (such as CD44) can be regulated by DNA 
methylation of promoter regions of these  genes13,37–39. However, to the best of our knowledge, there have been 
few studies on DNA methylation associated with CD87 expression.

Methylation analysis was performed in cells exposed to TGF-β for 72 h to determine whether DNA meth-
ylation might play a role in EMT and stemness phenotype. DNA methyltransferase inhibitor AZA was used to 
evaluate whether TGF-β induced activation of EMT markers (slug and snail) and stem cell markers (CD44 and 
CD87) were related to epigenetic mechanism (DNA demethylation). We found that both TGF-β and AZA could 
activate expression of slug and CD87. However, AZA treatment did not activate expression of snail or CD44 
(data not shown).

As far as we know, there have been few studies on the molecular mechanism of TGF-β induced EMT and 
stem cell markers or their functional relation in lung cancer. The present study confirmed that slug and CD87 
were activated by TGF-β, which were related with their aberrant promoter demethylation.

Figure 6.  Representative demonstration of CpG site methylation changes of CD87 promoter region in 
BEAS-2B and A549 cells. Bisulfite sequencing showed six CpG sites presented in underlined letters within a 
100-bp promoter region of CD87 gene. Demethylated CpG sites following TGF-β treatment are indicated by red 
letters. Heterozygote C/T double peaks are indicated by Y.
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The present study suggest that TGF-β-induced EMT and cancer stemness acquisition are related with slug and 
CD87 activation by their aberrant promoter demethylation. However, further study is required on the detailed 
epigenetic mechanism and the development of potential therapeutics for lung cancer.

Received: 28 May 2019; Accepted: 3 June 2020

References
 1. Blandin Knight, S. et al. Progress and prospects of early detection in lung cancer. Open Biol. https ://doi.org/10.1098/rsob.17007 0 

(2017).
 2. Lim, S. W. & Ahn, M. J. Current status of immune checkpoint inhibitors in treatment of non-small cell lung cancer. Korean J. 

Intern. Med. 34, 50–59. https ://doi.org/10.3904/kjim.2018.179 (2019).
 3. Fabregat, I., Malfettone, A. & Soukupova, J. New insights into the crossroads between EMT and stemness in the context of cancer. 

J. Clin. Med. https ://doi.org/10.3390/jcm50 30037  (2016).
 4. Yeo, C. D. et al. The role of hypoxia on the acquisition of epithelial-mesenchymal transition and cancer stemness: A possible link 

to epigenetic regulation. Korean J. Intern. Med. 32, 589–599. https ://doi.org/10.3904/kjim.2016.302 (2017).
 5. Katsuno, Y., Lamouille, S. & Derynck, R. TGF-beta signaling and epithelial-mesenchymal transition in cancer progression. Curr. 

Opin. Oncol. 25, 76–84. https ://doi.org/10.1097/CCO.0b013 e3283 5b637 1 (2013).
 6. Lee, S. H. et al. The effects of retinoic acid and MAPK inhibitors on phosphorylation of smad2/3 induced by transforming growth 

factor beta1. Tuberc. Respir. Dis. 82, 42–52. https ://doi.org/10.4046/trd.2017.0111 (2019).
 7. Singh, A. & Settleman, J. EMT, cancer stem cells and drug resistance: an emerging axis of evil in the war on cancer. Oncogene 29, 

4741–4751. https ://doi.org/10.1038/onc.2010.215 (2010).
 8. Kotiyal, S. & Bhattacharya, S. Breast cancer stem cells, EMT and therapeutic targets. Biochem. Biophys. Res. Commun. 453, 112–116. 

https ://doi.org/10.1016/j.bbrc.2014.09.069 (2014).
 9. Zhou, P. et al. The epithelial to mesenchymal transition (EMT) and cancer stem cells: implication for treatment resistance in 

pancreatic cancer. Mol. Cancer 16, 52. https ://doi.org/10.1186/s1294 3-017-0624-9 (2017).
 10. Konge, J. et al. Breast cancer stem cell-like cells generated during TGFbeta-induced EMT are radioresistant. Oncotarget 9, 23519–

23531. https ://doi.org/10.18632 /oncot arget .25240  (2018).
 11. Liu, H. X., Li, X. L. & Dong, C. F. Epigenetic and metabolic regulation of breast cancer stem cells. J. Zhejiang Univ. Sci. B 16, 10–17. 

https ://doi.org/10.1631/jzus.B1400 172 (2015).
 12. Patel, S., Shah, K., Mirza, S., Daga, A. & Rawal, R. Epigenetic regulators governing cancer stem cells and epithelial-mesenchymal 

transition in oral squamous cell carcinoma. Curr. Stem Cell Res. Therapy 10, 140–152 (2015).
 13. Lee, J. Y. & Kong, G. Roles and epigenetic regulation of epithelial-mesenchymal transition and its transcription factors in cancer 

initiation and progression. Cell Mol. Life Sci. 73, 4643–4660. https ://doi.org/10.1007/s0001 8-016-2313-z (2016).
 14. Wainwright, E. N. & Scaffidi, P. Epigenetics and cancer stem cells: unleashing, hijacking, and restricting cellular plasticity. Trends 

Cancer 3, 372–386. https ://doi.org/10.1016/j.treca n.2017.04.004 (2017).
 15. Moon, D. H., Kwon, S. O., Kim, W. J. & Hong, Y. Identification of serial DNA methylation changes in the blood samples of patients 

with lung cancer. Tuberc. Respir. Dis. https ://doi.org/10.4046/trd.2018.0042 (2018).
 16. Kang, N. et al. Hypoxia-induced cancer stemness acquisition is associated with CXCR4 activation by its aberrant promoter dem-

ethylation. BMC Cancer 19, 148. https ://doi.org/10.1186/s1288 5-019-5360-7 (2019).
 17. Leung, E. L. et al. Non-small cell lung cancer cells expressing CD44 are enriched for stem cell-like properties. PLoS ONE 5, e14062. 

https ://doi.org/10.1371/journ al.pone.00140 62 (2010).
 18. Yan, X. et al. Identification of CD90 as a marker for lung cancer stem cells in A549 and H446 cell lines. Oncol. Rep. 30, 2733–2740. 

https ://doi.org/10.3892/or.2013.2784 (2013).
 19. Fu, Y. et al. LncRNA CASC11 promotes TGF-beta1, increases cancer cell stemness and predicts postoperative survival in small 

cell lung cancer. Gene 704, 91–96. https ://doi.org/10.1016/j.gene.2019.04.019 (2019).
 20. Jiang, X., Wang, J. & Fang, L. LncRNA WT1-AS over-expression inhibits non-small cell lung cancer cell stemness by down-

regulating TGF-beta1. BMC Pulm. Med. 20, 113. https ://doi.org/10.1186/s1289 0-020-1146-6 (2020).
 21. McDonald, O. G., Wu, H., Timp, W., Doi, A. & Feinberg, A. P. Genome-scale epigenetic reprogramming during epithelial-to-

mesenchymal transition. Nat. Struct. Mol. Biol. 18, 867–874. https ://doi.org/10.1038/nsmb.2084 (2011).
 22. Tan, E. J., Olsson, A. K. & Moustakas, A. Reprogramming during epithelial to mesenchymal transition under the control of TGF-

beta. Cell Adher. Migr. 9, 233–246. https ://doi.org/10.4161/19336 918.2014.98379 4 (2015).
 23. Willis, B. C. & Borok, Z. TGF-beta-induced EMT: mechanisms and implications for fibrotic lung disease. Am. J. Physiol. Lung Cell 

Mol. Physiol 293, L525-534. https ://doi.org/10.1152/ajplu ng.00163 .2007 (2007).
 24. Fuxe, J., Vincent, T. & de Herreros, A. G. Transcriptional crosstalk between TGF-beta and stem cell pathways in tumor cell inva-

sion: role of EMT promoting Smad complexes. Cell Cycle 9, 2363–2374. https ://doi.org/10.4161/cc.9.12.12050  (2010).
 25. Hotz, B. et al. Epithelial to mesenchymal transition: expression of the regulators snail, slug, and twist in pancreatic cancer. Clin. 

Cancer Res 13, 4769–4776. https ://doi.org/10.1158/1078-0432.Ccr-06-2926 (2007).
 26. Alves, C. C., Carneiro, F., Hoefler, H. & Becker, K. F. Role of the epithelial-mesenchymal transition regulator Slug in primary 

human cancers. Front. Biosci. 14, 3035–3050 (2009).
 27. Haslehurst, A. M. et al. EMT transcription factors snail and slug directly contribute to cisplatin resistance in ovarian cancer. BMC 

Cancer 12, 91. https ://doi.org/10.1186/1471-2407-12-91 (2012).
 28. Bartakova, A. et al. CD44 as a cancer stem cell marker and its prognostic value in patients with ovarian carcinoma. J. Obstet. 

Gynaecol 38, 110–114. https ://doi.org/10.1080/01443 615.2017.13367 53 (2018).
 29. Kong, Y. et al. Breast cancer stem cell markers CD44 and ALDH1A1 in serum: distribution and prognostic value in patients with 

primary breast cancer. J. Cancer 9, 3728–3735. https ://doi.org/10.7150/jca.28032  (2018).
 30. Jo, M. et al. Cell signaling by urokinase-type plasminogen activator receptor induces stem cell-like properties in breast cancer 

cells. Cancer Res 70, 8948–8958. https ://doi.org/10.1158/0008-5472.Can-10-1936 (2010).
 31. Pavon, M. A. et al. uPA/uPAR and SERPINE1 in head and neck cancer: role in tumor resistance, metastasis, prognosis and therapy. 

Oncotarget 7, 57351–57366. https ://doi.org/10.18632 /oncot arget .10344  (2016).
 32. Pinto, J. P. et al. StemChecker: a web-based tool to discover and explore stemness signatures in gene sets. Nucleic Acids Res 43, 

W72-77. https ://doi.org/10.1093/nar/gkv52 9 (2015).
 33. Kubo, T. et al. Subpopulation of small-cell lung cancer cells expressing CD133 and CD87 show resistance to chemotherapy. Cancer 

Sci. 104, 78–84. https ://doi.org/10.1111/cas.12045  (2013).
 34. Slabakova, E. et al. TGF-beta1-induced EMT of non-transformed prostate hyperplasia cells is characterized by early induction of 

SNAI2/Slug. Prostate 71, 1332–1343. https ://doi.org/10.1002/pros.21350  (2011).
 35. Wang, H. et al. Resveratrol inhibits TGF-beta1-induced epithelial-to-mesenchymal transition and suppresses lung cancer invasion 

and metastasis. Toxicology 303, 139–146. https ://doi.org/10.1016/j.tox.2012.09.017 (2013).

https://doi.org/10.1098/rsob.170070
https://doi.org/10.3904/kjim.2018.179
https://doi.org/10.3390/jcm5030037
https://doi.org/10.3904/kjim.2016.302
https://doi.org/10.1097/CCO.0b013e32835b6371
https://doi.org/10.4046/trd.2017.0111
https://doi.org/10.1038/onc.2010.215
https://doi.org/10.1016/j.bbrc.2014.09.069
https://doi.org/10.1186/s12943-017-0624-9
https://doi.org/10.18632/oncotarget.25240
https://doi.org/10.1631/jzus.B1400172
https://doi.org/10.1007/s00018-016-2313-z
https://doi.org/10.1016/j.trecan.2017.04.004
https://doi.org/10.4046/trd.2018.0042
https://doi.org/10.1186/s12885-019-5360-7
https://doi.org/10.1371/journal.pone.0014062
https://doi.org/10.3892/or.2013.2784
https://doi.org/10.1016/j.gene.2019.04.019
https://doi.org/10.1186/s12890-020-1146-6
https://doi.org/10.1038/nsmb.2084
https://doi.org/10.4161/19336918.2014.983794
https://doi.org/10.1152/ajplung.00163.2007
https://doi.org/10.4161/cc.9.12.12050
https://doi.org/10.1158/1078-0432.Ccr-06-2926
https://doi.org/10.1186/1471-2407-12-91
https://doi.org/10.1080/01443615.2017.1336753
https://doi.org/10.7150/jca.28032
https://doi.org/10.1158/0008-5472.Can-10-1936
https://doi.org/10.18632/oncotarget.10344
https://doi.org/10.1093/nar/gkv529
https://doi.org/10.1111/cas.12045
https://doi.org/10.1002/pros.21350
https://doi.org/10.1016/j.tox.2012.09.017


11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:10597  | https://doi.org/10.1038/s41598-020-67325-7

www.nature.com/scientificreports/

 36. Laurenzana, A. et al. Inhibition of uPAR-TGFbeta crosstalk blocks MSC-dependent EMT in melanoma cells. J. Mol. Med. 93, 
783–794. https ://doi.org/10.1007/s0010 9-015-1266-2 (2015).

 37. Chen, Y., Wang, K., Qian, C. N. & Leach, R. DNA methylation is associated with transcription of Snail and Slug genes. Biochem. 
Biophys. Res. Commun. 430, 1083–1090. https ://doi.org/10.1016/j.bbrc.2012.12.034 (2013).

 38. Eberth, S. et al. Epigenetic regulation of CD44 in Hodgkin and non-Hodgkin lymphoma. BMC Cancer 10, 517. https ://doi.
org/10.1186/1471-2407-10-517 (2010).

 39. Samblas, M., Mansego, M. L., Zulet, M. A., Milagro, F. I. & Martinez, J. A. An integrated transcriptomic and epigenomic analy-
sis identifies CD44 gene as a potential biomarker for weight loss within an energy-restricted program. Eur. J. Nutr. https ://doi.
org/10.1007/s0039 4-018-1750-x (2018).

Acknowledgements
This research was supported by Basic Science Research Program through the National Research Foundation of 
Korea (NRF) funded by the Ministry of Education (Nos. 2019M3A9H2032425, 2020R1A2C2015140).

Author contributions
B.K.: Performing experiments, writing, methodology and review. D.A.: Writing, methodology and review. N.K.: 
Performing experiments. C.Y.: Data analysis. C.P.: Data analysis. Y.K.: Data analysis. K.L.: Supervision and 
review. T.K..: Supervision and review. S.L.: Supervision and review. M.P.: Statistical analysis. H.Y.: Supervision 
and statistical analysis. J.P.: Supervision, editing and review. S.K.: Conceptualization, writing and supervision. 
All authors read and approved the manuscript.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-67325 -7.

Correspondence and requests for materials should be addressed to C.K.P. or S.J.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1007/s00109-015-1266-2
https://doi.org/10.1016/j.bbrc.2012.12.034
https://doi.org/10.1186/1471-2407-10-517
https://doi.org/10.1186/1471-2407-10-517
https://doi.org/10.1007/s00394-018-1750-x
https://doi.org/10.1007/s00394-018-1750-x
https://doi.org/10.1038/s41598-020-67325-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	TGF-β induced EMT and stemness characteristics are associated with epigenetic regulation in lung cancer
	Anchor 2
	Anchor 3
	Methods
	Cell culture and transcriptome analysis. 
	Western blot analysis. 
	Migration, Matrigel invasion and sphere formation assay. 
	Animal model. 
	Treatment with a DNA methyltransferase inhibitor. 
	Real-time RT-PCR to analyze CD87 and slug expression. 
	Analysis of slug and CD87 promoter regions and sodium bisulfite conversion. 
	Methylation-specific PCR. 
	Bisulfite sequencing PCR. 
	Statistical analysis. 

	Results
	Transcriptome analysis following TGF-β treatment using NGS. 
	Expression of TGF-β induced EMT markers. 
	Functional assessment of EMT following TGF-β treatment. 
	Acquisition of stemness in vitro and in vivo. 
	Activation of slug and CD87 by its promoter demethylation. 

	Discussion
	References
	Acknowledgements


