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Abstract
Background/Aims: Despite significant advances in diagnostic and operative techniques, 
lung cancer remains one of the most lethal malignancies worldwide. Since prostaglandins 
such as prostaglandin D2 (PGD2) is involved in various pathophysiological process, including 
inflammation and tumorigenesis, this study aims to investigate the role of PGD2 during the 
process of epithelial-mesenchymal transition (EMT) in A549 cells. Methods: A549 cells were 
stimulated with PGD2 and expression of EMT markers was analyzed by immunoblotting and 
immunofluorescence. EMT-related gene, Slug expression was evaluated using quantitative 
real-time polymerase chain reaction (qPCR). Migration and invasion abilities of A549 cells 
were determined in chemotaxis and Matrigel invasion assays, respectively. We also inhibited 
the TGF/Smad signaling pathway using a receptor inhibitor or silencing of TGF-β1 and 
TGFβ type I receptor (TGFβRI), and protein expression  was assessed by immunoblotting 
and immunofluorescence. Results: Here, we found that stimulation of A549 cells with 
PGD2 resulted in morphological changes into a mesenchymal-like phenotype under low 
serum conditions. Stimulation of A549 cells with PGD2 resulted in a significant reduction in 
proliferation, whereas invasion and migration were enhanced. The expression of E-cadherin 
was markedly downregulated, while Vimentin expression was upregulated after treatment of 
A549 cells with PGD2. Slug expression was markedly upregulated by stimulating A549 cells 
with PGD2, and stimulation of A549 cells with PGD2 significantly enhanced TGF-β1 expression, 
and silencing of TGF-β1 significantly blocked PGD2-induced EMT and Smad2 phosphorylation. 
In addition, PGD2-induced Smad2 phosphorylation and EMT were significantly abrogated by 
either pharmacological inhibition or silencing of TGFβRI. PGD2-induced expression of Slug 
and EMT were significantly augmented in low nutrient and low serum conditions. Finally, 

Sun Sik Bae, Ph.D. Department of Pharmacology, Pusan National University School of Medicine,
Busandaehak-ro 49, Mulgeum-eup, Yangsan-si, Gyungsangnam-do 50612 (Republic of Korea)
Tel. +82-51-510-8065, E-Mail sunsik@pusan.ac.kr

https://doi.org/10.33594/000000506


Cell Physiol Biochem 2022;56:89-104
DOI: 10.33594/000000506
Published online: 25 March 2022 90

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2022 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Vafaeinik et al.: Regulation of EMT by Tumor Microenvironment

the subsequent culture of mesenchymal type of A549 cells under normal culture conditions 
reverted the cell’s phenotype to an epithelial type. Conclusion: Given these results, we suggest 
that tumor microenvironmental factors such as PGD2, nutrition, and growth factors could be 
possible therapeutic targets for treating metastatic cancers.

Introduction

Lung cancer is the most frequent malignancy with the highest mortality rate worldwide 
[1, 2], and metastasis is the biggest cause of death in patients with lung cancer [3]. 
Statistically, lung cancer has a higher incidence among men than women [2], and nearly 85% 
of lung cancer cases are non-small cell lung cancer (NSCLC) [4]. Several current studies have 
shown that epithelial-mesenchymal transition (EMT) is a significant molecular mechanism 
that stimulates cancer metastasis [5, 6]. EMT is mainly characterized by the loss of the cell-
cell junctions, downregulation of epithelial markers, upregulation of mesenchymal markers, 
and increased migratory and invasive properties such as the presence of spindle-shaped 
and motile cells [7, 8]. It also has a critical role in embryonic development, wound healing, 
and tumor metastasis [9]. During EMT, mesenchymal cells migrate away from the primary 
tumor and invade blood vessels. Since EMT is a dynamic and flexible process, mesenchymal 
cells can undergo a reverse process, known as mesenchymal-epithelial transition (MET), 
reverting to their original epithelial phenotype [8].

In addition, the tumor microenvironment (TME) has a critical role in promoting tumor 
metastasis and EMT induction. The TME surrounds the primary tumor and is composed of 
fibroblasts, immune cells, and extracellular matrix (ECM) and is affected by oxygen tension, 
nutrition, and soluble factors [10]. Within the TME, there are one of the most dynamic cell 
types or activated fibroblasts called cancer-associated fibroblasts (CAFs), which actively 
participate in cancer progression. CAFs also possess the ability to regulate EMT in cancer 
cells [10, 11]. Several factors in the tumor microenvironment directly induce the occurrence 
of EMT. Particularly, inflammatory cytokines, including transforming growth factor beta 1 
(TGF-β1), tumor necrosis factor-α (TNF-α), and interleukin 6 (IL6), are the main factors 
promoting EMT and tumor invasion. TGF-β1, as the most potent inducer of EMT, stimulates 
Slug and Twist1 expression in prostate and non-small cell lung cancer. In addition, other 
cytokines in the TME such as TNF-α and IL6 promote the expression of transcription factors 
to regulate EMT and tumor progression [10].

In addition to functional programming of tumor cells, new findings have shown that 
nutrients, which are essential molecules present in the TME, enable tumor cells to adapt 
to and cope with stressful TME conditions (e.g., nutritional stress, cytokine delivery, acidic 
and oxidative) [11]. Tumor cells obtain nutrients such as glucose and lipids via the blood 
supply from the TME and remove some compounds, including protons and lactate, which 
are immunosuppressive and create changes in macrophage polarization [12]. Enhanced 
consumption of glucose in tumor cells outsources and impairs T cell function, leading to 
cancer progression. The nutrients present in the TME cause cancer cells to acquire a more 
malignant phenotype. Tumor cells can penetrate the surrounding environment and adjust 
their metabolism [13].

EMT is regulated by various signaling pathways and molecular mechanisms, including 
TGF-β, Notch, and the Wnt signaling pathways. TGF-β1, a multifunctional cytokine, can induce 
EMT via the Smad signaling pathway [5]. TGF‐β initiates signaling by forming heteromeric 
complexes of type 1 (TGFβR1) and type 2 (TGFβR2) receptors. These complexes lead to the 
activation of Smad2 and Smad3, which further form a complex with Smad4 and translocate 
to the nucleus. These activated Smad complexes interact with transcription factors such as 
Slug, ZEB, and Twist to regulate the expression of target genes [14, 15].

Prostaglandins (PGs) are a group of lipid compounds that are enzymatically produced 
by arachidonic acid through the cyclooxygenase (COX) pathway by two isoforms, COX-1 
and COX-2. The conversion of arachidonic acid to prostaglandin H2 (PGH2) is catalyzed by 
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COX (prostaglandin-endoperoxide synthase) enzyme. The respective PG synthase helps in 
the final conversion of this unstable endoperoxide into individually stable prostaglandin E2 
(PGE2), prostaglandin I2 (PGI2), prostaglandin D2 (PGD2), prostaglandin F2 alpha (PGF2α) 
or thromboxane A2 (TXA2) [16]. Among the different PGs, PGD2 is one of the important 
COX metabolites [17] and is produced in many organs, including spleen, central nervous 
system, intestine, and liver [18]. It has been reported that PGD2 has a role in inflammatory 
responses and sleep promotions [19, 20]. It is reported that the G protein-coupled receptors, 
D Prostanoid (DP) and the chemoattractant receptor-homologous molecule expressed on 
Th2 cells (CRTH2) regulate the biological actions of PGD2 [17].

PGD2 is produced primarily by mast cells and to a lesser extent by some other cells 
like T-helper (Th2) cells, alveolar macrophages and dendritic cells [21, 22]. PGD2 and its 
metabolites are reported to have an anti-proliferative role in many cell types [18]. It has also 
been well described that chemotaxis of eosinophils, basophils, and Th2 lymphocytes results 
in PGD2-promoted enhanced inflammation [23]. Despite the recent insights into the role of 
PGD2 in inflammation and tumorigenesis, the specific underlying mechanism involved in 
PGD2-induced tumor formation and metastasis of lung cancer and its role in EMT induction 
is largely undescribed. Therefore, given the current literature, we used an A549 cell model to 
examine changes in PGD2-activated EMT-like processes and their role in the migratory and 
invasive abilities of A549 cells. Furthermore, we explored crosstalk between PGD2 and the 
TGF-β1 signaling pathways.

Materials and Methods

Reagents and antibodies
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), trypsin-EDTA, and antibiotics 

were purchased from Hyclone Laboratories Inc. (Logan, UT, USA) and Hank’s balanced salt solution (HBSS; 
Gibco, Cat No: 14175095). Anti-E-Cadherin was purchased from BD Biosciences (San Joes, CA, USA; Cat No: 
610181). Anti-Fibronectin was from Abcam (Cambridge, UK, Cat No: ab2413). Anti-Collagen Type I was 
from Millipore (Bedford, MA, USA, Cat No: AB765P). Anti-actin antibody was obtained from MP Biomedicals 
(Aurora, OH, USA, Cat No: 691001). Anti-Vimentin was procured from Abcam (Cat No: ab92547). Slug 
was obtained from GeneTex (Cat No: GTX121924). DAPI, and either Cy3- or Alexa Fluor 488-conjugated 
goat secondary antibody were purchased from Molecular Probes, Inc. (Carlsbad, CA, USA). IRDye700- 
and IRDye800-conjugated rabbit/mouse secondary antibodies were obtained from Li-COR Bioscience 
(Lincoln, NE, USA). Phospho-Smad2 (Ser465/467) (138D4) antibody was from Cell Signaling Technology 
(Massachusetts, USA, Cat. No: 3108). PGD2 was purchased from Cayman Chemical (Ann Arbor,  MI,  USA, 
Cat No: 12010). DK-PGD2 (12610), BW245C (12050) and BWA868C (12060) were procured from Cayman. 
TM30089 (Cat No: CT-AT002) was obtained from ChemieTek. Recombinant TGF-β1 was procured from 
R&D systems (Cat. No: 240-B-002) and SB431542 from Sigma-Aldrich (Cat. No: S4317). FastStart Essential 
DNA Green Master (SYBR green) was purchased from Roche Diagnostics (Indianapolis, IN, USA). All other 
reagents were high quality and were purchased from Sigma-Aldrich unless otherwise indicated.

Cell culture
A549 cells (a human lung adenocarcinoma cell line) were purchased from Korean Biotech Corp. (Seoul, 

Korea) and cultured in DMEM supplemented with 10% FBS and penicillin/streptomycin and maintained 
at 37 °C in 5% CO2. To induce EMT, A549 cells were cultured under the combination of PGD2 (15 µM), low 
nutrient (HBSS:DMEM = 70%:30%), low serum (2% FBS) condition for 5 days. To induce MET, A549 cells 
were cultured at 2% FBS, 30% DMEM, and in the presence of PGD2 (15 µM) for 5 days followed by further 
culture in normal culture condition for 2 days.

Proliferation assay
A549 cells were plated on 6-well plates at a density of 1 × 104 cells in complete medium. Next day, 

cells were cultured in a low percentage of FBS (0.5%) and in the presence or absence of PGD2. Cells were 
harvested at the indicated time points and the total number of living cells was counted by using an automatic 
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cell counter (NanoEnTek, Seoul, Korea). To compare the proliferation rates between epithelial type (A549E) 
and mesenchymal type (A549M) of A549 cells, we first obtained A549M cells by treating A549E cells with 
PGD2 (15 µM) under low serum condition (0.5% FBS) for 5 days. 1 × 104 cells of both cell types were plated 
on 6-well plates and cultured at normal culture condition for the indicated period of times, then measured 
total number of living cells.

Migration assay (Chemotaxis Assay)
Both A549E and A549M cells were cultured and serum-starved for 12 h before plating on a ChemoTx 

chamber. Cells were detached with trypsin-EDTA and washed with serum-free DMEM. The bottom side of 
the ChemoTx membrane (8 μm pore size; Neuro Probe Inc., Gaithersburg, MD, USA) was coated with type I 
collagen overnight, and 1 × 105 cells were over-laid on the upper chamber of the ChemoTx membrane in 
50 μL DMEM with 0.5% FBS, and DMEM complete media (10% FBS) was added to the lower chamber. After 
4 or 6 h of incubation at 37°C in 5% CO2, the ChemoTx membrane was fixed with 4% paraformaldehyde, and 
non-migrated cells on the top side of the membrane were removed by gently wiping with a cotton swab. The 
membrane was stained with DAPI, and migrated cells were counted under a fluorescence microscope at 10× 
magnitude (Axiovert 200; Carl Zeiss, Jena, Germany).

Invasion assay
Matrigel invasion assays were performed using Matrigel-coated 24-well Transwell plates (BD 

Biosciences). DMEM complete media (10% FBS) was added to the lower chambers, and 1 × 105 A549E and 
A549M cells in DMEM with 0.5% FBS were added to the upper chambers. After 24 h, non-migratory cells 
on the top surface of the filters were wiped off with cotton balls. The cells on the top surface of the filters 
were wiped off with cotton balls, and migratory cells attached to the lower side of the inserts were fixed 
with 4% paraformaldehyde (PFA) and was stained with DAPI. Finally, migrated cells were counted under a 
fluorescence microscope at 10× magnitude (Axiovert 200; Carl Zeiss, Jena, Germany).

Analysis of mRNA expression
The expression of Slug mRNA was measured by real-time quantitative polymerase chain reaction 

(qPCR) analysis after isolation of total RNA using TRIZOL reagents as described in the manufacturer’s 
protocol (Invitrogen, Grand Island, NY, USA). One hundred fifty nanograms of total RNA were reverse 
transcribed into cDNA using ImProm-II reverse transcription systems (Promega Biotec, Madison, WI, USA); 
the cDNA was then amplified by PCR using specific primers. qPCR data were analyzed using Roche light 
cycler 96 software (Roche Diagnostics) and the comparative Ct method (2-∆∆CT). Calibration was based on the 
expression of GAPDH. The primer sequences are shown in Supplementary Table S1 (for all supplementary 
material see www.cellphysiolbiochem.com).

Short-hairpin RNA and constructs
To silence shTGF-β1 and shTGFβR1, oligonucleotides with an AgeI site at the 5′-end site and a BamHI 

site at the 3′ end were designed, and sense and antisense oligonucleotides were synthesized (XENOTECH, 
Daejeon, Korea). Both complementary oligonucleotides were mixed, heated at 98 °C for 5 min, and cooled 
to room temperature. The annealed nucleotides were subcloned into the AgeI/ BamHI sites of the pLKO.1 
lentiviral vector. The shRNA sequences are shown in Supplementary Table S2.

Lentiviral knockdown
For gene silencing, HEK293-FT packaging cells (Invitrogen) were grown to ~70% confluence in six-

well plates. The cells were triple transfected with 4 μg of the pLKO.1 lentiviral construct, 1 μg of Δ8.9, and 
1 μg of pVSV-G by using a calcium phosphate method. The medium was replaced with fresh medium at 
8 h after transfection. Lentiviral supernatants were harvested 24 h and 48 h after transfection and passed 
through 0.45-μm filters. Cell-free viral culture supernatants were used to infect A549 cells in the presence 
of 8 μg/mL polybrene (Sigma-Aldrich, St. Louis, MO, USA). Infected cells were isolated for selection by using 
10 μg/mL puromycin for 2 days.
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Immunocytochemistry
A549 cells were grown on coverslips in 6-well plates cultured for 5 days in the presence or absence 

of PGD2 (DMEM media containing 0.5% FBS). Cells were fixed with 4% paraformaldehyde, permeabilized 
with 0.2% Triton X-100 in PBS, and incubated anti-E-cadherin or anti-Vimentin overnight, followed by 
administration of Cy3 or Alexa Flour 488-conjugated secondary antibodies for 2 h, and nuclei were stained 
with DAPI for 10-15 min. Images were obtained with a confocal microscope at 20× magnification (OLYMPUS 
FV-1000, Tokyo, Japan).

Western blot
Cells were lysed in 20 mM Tris-HCl, pH 7.4, 1 mM EGTA/EDTA, 1% Triton X-100, 1 mM Na3VO4, 

10% glycerol, 1 μg/mL leupeptin and 1 μg/mL aprotinin. Samples were subjected to 8–15% gradient 
polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. Membranes were 
incubated with the indicated primary antibodies (Anti-E-Cadherin, Anti-actin, Anti-Vimentin) and IRDye-
conjugated secondary antibodies (IRDye700- and IRDye800-conjugated rabbit/mouse), and protein bands 
were visualized using an Odyssey Infrared Image Analyzer (Li-COR Bioscience).

 Statistical analysis
For analysis of mRNA expression, results are expressed as the mean ± SEM of three independent 

experiments with three replicates each (n = 3). For analysis of proliferation and migration, results are 
expressed as the mean ± SEM of three independent experiments. When comparing two groups, an unpaired 
Student’s t-test was used to assess the difference. P-values less than 0.05 were considered significant and 
indicated as (*). P-values less than 0.01 were designated with two (**). P-values less than 0.001 were shown 
with three (***), and P-values less than 0.0001 were shown with four (****) asterisks.

Results

PGD2 induces EMT in A549 cells
As shown in Fig. 1A, stimulation of epithelial type of A549 cells with PGD2 (15 μM) for 5 

days induced morphological changes into mesenchymal type. Expression of epithelial marker 
protein such as E-cadherin was significantly downregulated by the stimulation of A549 cells 
with PGD2, whereas expression of mesenchymal marker proteins such as Vimentin, Collagen 
and Fibronectin were significantly upregulated, as determined by western blot (Fig. 1B and 
Supplementary Fig. S1). The results were also supported by immunocytochemical analyses 
(Fig. 1C and 1D). In addition, the expression of Slug, which is a key transcriptional regulator 
of EMT, was significantly enhanced by the stimulation of A549 cells with PGD2 as determined 
by western blot analysis and quantitative PCR (Fig. 1E and 1F). To verify which receptor is 
involved in the PGD2-induced EMT of A549 cells, we performed experiments by using specific 
DP1/DP2 agonists or antagonists. As shown in Fig. 1G, selective agonist for DP2 receptor (DK-
PGD2) significantly enhanced EMT of A549 cells whereas selective agonist for DP1 receptor 
(BW245C) had no effect. In addition, selective antagonist for DP2 receptor (TM30089) 
significantly blocked PGD2-induced EMT of A549 cells whereas selective antagonist for DP1 
receptor (BWA868C) had little effect (Fig. 1H).

PGD2 suppresses proliferation and enhances migration & invasion of A549 cells
To evaluate the metastatic properties of A549 cells after stimulation of PGD2, we 

examined the effect of PGD2 on the proliferation of A549 cells. As shown in Fig. 2A, 
proliferation of A549 cells was markedly suppressed in the presence of PGD2. To verify 
whether the suppression of proliferation was caused by EMT during the stimulation of A549 
cells with PGD2, we established epithelial type of A549 cells (A549E) and mesenchymal type 
of A549 cells (A549M) by stimulating A549 cells with PGD2 for 5 days (Fig. 2B). As shown 
in Fig. 2C, cell proliferation was significantly reduced in A549M cells compared to that in 
A549E cells. By contrast, the migration and invasion ability was significantly enhanced in 
A549M cells compared to that in A549E cells (Fig. 2D and 2E).



Cell Physiol Biochem 2022;56:89-104
DOI: 10.33594/000000506
Published online: 25 March 2022 94

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2022 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Vafaeinik et al.: Regulation of EMT by Tumor Microenvironment

Fig. 1. PGD2 induces an epithelial-to-mesenchymal transition. (A) A549 cells were treated for 5 days in the 
presence or absence of PGD2 (15 µM) in DMEM (100%) with 0.5% FBS. Brightfield images were taken under 
a microscope. (B) A549 cells were stimulated with either vehicle or PGD2 for 5 days, and cell lysates were 
subjected to western blot analysis with the indicated antibodies. (C) A549 cells were incubated with either 
vehicle or PGD2 and stained with the indicated antibodies. Images were visualized under a microscope. Mag-
nification, 20×. Scale bar, 30 μm. (D) Statistical analysis of E-cadherin and Vimentin protein expressions was 
performed, and the data are shown as mean ± SEM. Statistical significance compared to the control group 
was determined by Student´s t-test. **, P<0.01; ***, P<0.001. (E) A549 cells were treated with either vehicle 
or PGD2, and the expression level of Slug was examined by immunoblotting. (F) A549 cells were stimulated 
with either vehicle or PGD2, and Slug expression was analyzed by quantitative PCR as described in “Materi-
als and Methods” Data are means ± SEM of three independent experiments combining three replicates in 
each experiment (n = 3). ***, P<0.001. (G) A549 cells were treated with PGD2 (15 μM), DK-PGD2 (10 μM), 
or BW245C (10 μM) for 5 days in DMEM (100%) with 0.5% FBS. Cell lysates were subjected to western 
blot analysis to verify the expression of epithelial and mesenchymal marker proteins. (H) A549 cells were 
pretreated with either TM30089 (10 μM) or BWA868C (10 μM) for 20 min and then stimulated with PGD2 
for 5 days in DMEM (100%) with 0.5% FBS. Cell lysates were subjected to western blot analysis to verify the 
expression of epithelial and mesenchymal marker proteins.

Fig. 2. Effect of PGD2 on the proliferation, migration, and invasion ability of A549 cells. (A) A549 cells were 
incubated with or without PGD2 (15 µM) in 0.5% FBS, and cell proliferation was examined at the indicated 
time points. Data are means ± SEM. ***, P<0.001. (B) Schematic representation of the experimental protocol. 
Both A549E and A549M cells were obtained by stimulation of original A549 cells with vehicle or PGD2 for 5 
days, respectively. Proliferation, migration, and invasion were assessed during the late stage of PGD2 stimu-
lation. (C) The proliferation of A549E and A549M cells were measured at the indicated time points. Data are 
means ± SEM. *, P<0.05; **, P<0.01. Migration (D) and invasion (E) of A549E and A549M cells were meas-
ured as described in “Materials and Methods”. Data are means ± SEM of three independent experiments 
(n = 3 for each experiment). ***, P<0.001.
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PGD2 induces EMT through the expression of TGF-β1
Since TGF-β1 is known as major responsive extracellular stimuli, we examined the 

expression of TGF-β1 in response to PGD2 stimulation. As shown in Fig. 3A and 3B, stimulation 
of A549 cells with PGD2 significantly upregulated the expression of TGF-β1. In addition, 
stimulation of A549 cells with PGD2 (Fig. 3C, upper panel) as well as TGF-β1 (Fig. 3C, lower 
panel) significantly induced the phosphorylation of Smad2 in a time-dependent manner. 
However, maximum phosphorylations of Smad2 by PGD2 and TGF-β1 were achieved at 
60 min and 5 min, respectively. To investigate the involvement of TGF-β1 in the PGD2-induced 
EMT, we examined the effect of TGF-β1 knockdown on the PGD2-induced EMT. As shown in 
Fig. 3D and 3E, silencing of TGF-β1 significantly suppressed the expression of TGF-β1 mRNA. 
In the same context, PGD2-induced phosphorylation of Smad2 (Fig. 3F) and EMT (Fig. 3G, 3H 
and 3I) were significantly suppressed by the silencing of TGF-β1.

Fig. 3. PGD2-induced EMT is dependent on the expression of TGF-β1. A549 cells were stimulated with either 
vehicle or PGD2 (15 µM) for 5 days in 30% DMEM and 2% FBS, and the expression of TGF-β1 was analyzed by 
RT-PCR (A) and quantitative PCR (B) as described in “Materials and Methods” Data are means ± SEM of three 
independent experiments with three replicates each (n = 3). **, P<0.01. (C) A549 cells were serum-starved 
for 24 h, then treated with PGD2 (15 µM) and TGF-β1 (2 ng/mL) until the indicated time points. Cell lysates 
were subjected to western blot analysis using phospho-Smad2 antibody. TGF-β1 was silenced in A549 cells, 
and the level of mRNA was verified by RT-PCR (D) and quantitative PCR analysis (E) as described in “Ma-
terials and Methods”. Data are means ± SEM of three independent experiments with three replicates each 
(n = 3). ***, P<0.001. (F) After silencing of TGF-β1, PGD2-dependent phosphorylation of Smad2 was verified 
by western blot analysis. (G, H) TGF-β1 was silenced in A549 cells, and EMT was examined by western blot-
ting and immunocytochemistry. Magnification, 20х. Scale bar, 30 μm. (I) Statistical analysis of E-cadherin 
and Vimentin expression was performed, and the data are shown as mean ± SEM. Statistical significance 
compared to the control group was determined by Student´s t-test. **, P<0.01; ***, P<0.001.
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Pharmacological inhibition of TGFβR1 suppresses PGD2-induced EMT
Since silencing of TGF-β1 suppressed PGD2-induced Smad2 phosphorylation and EMT, we 

examined the effect of TGFβR1 inhibition on the PGD2-induced Smad2 phosphorylation and 
EMT. As shown in Fig. 4A, pharmacological inhibition of TGFβR1 by SB431542 significantly 
suppressed both TGF-β1- and PGD2-induced Smad2 phosphorylation. In addition, inhibition 
of TGFβR1 suppressed downregulation of E-cadherin and upregulation of Vimentin (Fig. 4B). 
Similar results were obtained by immunocytochemical analyses, as shown in Fig. 4C and 4D.

Silencing of TGFβR1 expression suppressed PGD2-induced Smad2 phosphorylation and 
EMT
To further confirm the role of TGFβR1 signaling in PGD2-induced EMT, we examined 

the effect of TGFβR1 silencing on Smad2 phosphorylation and EMT. As shown in Fig. 5A 
and 5B, silencing of TGFβR1 significantly reduced mRNA expression of TGFβR1. Silencing of 
TGFβR1 significantly blocked both TGF-β1 (Fig. 5C, lower panel) and PGD2-induced (Fig. 5C, 
upper panel) Smad2 phosphorylation. In addition, both TGF-β1 and PGD2-induced EMT were 
significantly blocked by the silencing of TGFβR1 (Fig. 5D). The effect of TGFβR1 silencing 
on EMT was further confirmed by the immunocytochemistry results. As shown in Fig. 5E 
and 5F, silencing of TGFβR1 significantly suppressed downregulation of E-cadherin and 
upregulation of Vimentin.

Nutrition and serum contents affect PGD2-induced EMT
Since nutrition and growth factors, in addition to inflammatory cytokines, are TME 

factors, we next examined the effect of nutrient and serum levels on EMT. As shown in Fig. 6A, 
mesenchymal morphology of A549 cells was markedly observed in the presence of PGD2 in 
low nutrient and low serum conditions. The effect of PGD2 on the expression of E-cadherin 
and Vimentin was nearly negated in high serum and high nutrient conditions, whereas the 
effect of PGD2 on the expression of E-cadherin and Vimentin was significantly augmented 
under low serum and low nutrient conditions (Fig. 6B). Similar results were obtained by 
immunocytochemical analysis (Fig. 6C and 6D). In addition, Slug expression was markedly 
enhanced by PGD2 under low serum and low nutrient conditions (Fig. 6E and 6F).

Fig. 4. Inhibition of TGFβR1 suppressed PGD2-induced EMT. (A) A549 cells were pretreated with a pharma-
cological inhibitor of TGFβR1 (SB431542, 1 μM), and the PGD2 (15 μM)- or TGF-β1 (2 ng/mL)-dependent 
phosphorylation of Smad2 was verified by western blotting results. (B, C) A549 cells were pretreated with a 
pharmacological inhibitor of TGFβR1, and PGD2-dependent EMT was examined by western blot and immu-
nocytochemistry using the indicated antibodies. Magnification, 20х. Scale bar, 30 μm. (D) Statistical analysis 
of E-cadherin and Vimentin protein expressions was performed, and the data are shown as mean ± SEM. 
Statistical significance compared to the control group was determined by Student´s t-test. *, p<0.05; **, 
P<0.01; ***, P<0.001.
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Mesenchymal-Epithelial Transition (MET) is induced at normal culture condition
Since our previous results demonstrated that TME factors such as inflammatory 

cytokines, low nutrient, and low growth factor concentrations could affect EMT, we next 
examined whether the mesenchymal properties of A549 cells could be perpetuated in normal 
culture conditions. As shown in Fig. 7A, the mesenchymal type of morphology (A549M) was 
manifested in the epithelial type cells (A549E) cells when cultured under a normal culture 
condition. In addition, culture of A549M cells under a normal culture condition reverted the 
expression level of E-cadherin and Vimentin to that of the initial epithelial stage (Fig. 7B). 
Similar results were obtained by immunocytochemical analysis (Fig. 7C and 7D). Moreover, 
the enhanced expression level of Slug in A549M cells was downregulated when the cells are 
cultured in normal culture conditions (Fig. 7E and 7F).

Fig. 5. Silencing of TGFβR1 inhibits PGD2-induced EMT. TGFβR1 was silenced in A549 cells, and the expres-
sion level of TGFβR1 was verified by RT-PCR (A) and quantitative PCR (B) as described in “Materials and 
Methods”. Data are means ± SEM of three independent experiments with three replicates each (n = 3). ***, 
P<0.001. (C) After silencing of TGFβR1, cells were treated with either PGD2 (15µM) or TGF-β1 (2 ng/mL), 
and Smad2 phosphorylation was examined by western blot analysis. (D, E) TGFβR1 was silenced in A549 
cells, and PGD2-dependent EMT was examined by western blotting and immunocytochemistry using the in-
dicated antibodies. Magnification, 20×. Scale bar, 30 μm. (F) Statistical analysis of E-cadherin and Vimentin 
proteins expression was performed, and the data are shown as mean ± SEM. Statistical significance com-
pared to the control group was determined by Student´s t-test. **, P<0.01; ***, P<0.001.
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Fig. 6. The effect of serum and nutrition on the PGD2-induced EMT. (A) A549 cells were treated with PGD2 
(15 μM) in a combination of low growth factor (2% vs. 10% FBS) and low nutrition (30% vs. 100% DMEM) 
for 5 days. Brightfield images were taken under a microscope. (B,C) A549 cells were treated with PGD2 
(15 μM) in a combination of low growth factor and low nutrient level, and EMT was measured by western 
blotting and immunocytochemistry with the indicated antibodies. Magnification, 20×. Scale bar, 30 µm. (D) 
Statistical analysis of E-cadherin and Vimentin protein expressions were performed, and the data are shown 
as mean ± SEM. Statistical significance compared to the control group was determined by Student´s t-test. 
**, P<0.01; ***, P<0.001. Slug expression was measured by quantitative PCR (E) and western blot analysis 
(F) as described in “Materials and Methods” in the same combination of treatments. Data are means ± SEM 
of three independent experiments with three replicates each (n = 3). ***, P<0.001.

Fig. 7. Induction of MET under normal culture conditions. A549 cells were incubated with PGD2 (15 µM) 
at low serum (2% FBS) and low nutrient (30% DMEM) for 5 days, and morphological changes (A), EMT 
(B-D), and Slug expression (E, F) were analyzed as described in “Materials and Methods”. Magnification, 20×. 
Scale bar, 30 µm. Data are shown as mean ± SEM. Statistical significance compared to the control group was 
determined by Student´s t-test. ***, P<0.001.
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Discussion

Prostaglandins (PGs) have a key role in regulating cell adhesion and angiogenesis, 
which are early events during tumor progression [24]. Several reports have supported the 
idea that PGs are involved in many aspects of cancer cells. For example, PGs such as PGE2 
and TXA2 display tumorigenic properties in many cancer types [25-27]. It also has been 
reported that PGD2 has an anti-angiogenic effect through the activation of TNF-α production 
and COX-dependent pathway [17]. Therefore, it is likely that PGD2 can function as both 
anti- and pro-inflammatory mediators, based on the cellular context and stimulus. It has 
been reported that PGD2 and PGE2 suppress TGF-β1-induced EMT in MDCK cells [28, 29]. In 
addition, Gas6 inhibits EMT in alveolar epithelial cells by PGD2 production [30]. However, 
our results showed that PGD2 promoted EMT in A549 cells (Fig. 1). Currently, the process 
by which A549 and other cells show different EMT results in response to PGD2 stimulation 
is not fully described. Notably, different cellular context might cause different physiological 
responses. For instance, PGD2 can either upregulate or downregulate the level of cAMP since 
DP1 receptor is coupled to Gαs and DP2 receptor is coupled to Gαi/o [31, 32]. Therefore, it is 
possible that PGD2 can cause opposite physiological responses in different DP1/DP2 receptor 
ratio. We’d like to also emphasize that serum and nutrient level could contribute to obtaining 
specific cellular context.

Based on the results in the present study, we suggest the novel idea that certain 
environmental cues, encompassing inflammatory cytokines, nutrition, and growth factors, 
can determine the cancer cell phenotype. When cancer cells sense a harsh environment, they 
undergo phenotypic changes to acquire the cellular context that is appropriate for escape 
and to negate the deleterious environmental effects. Based on this idea, it is reasonable to 
speculate that harsh environmental conditions promote EMT in order to acquire a cellular 
context that provides a high level of migration activity to escape and halts proliferation to 
eliminate the deleterious environmental effects. In line with this idea, it has been reported 
that EMT and migration activity level are strongly induced by the Y-box binding protein 1 
(YB-1) in MCF10AT cells while their proliferation is significantly reduced [33]. Another 
study demonstrated that ERK2 regulated EMT, increased migratory/invasive properties, and 
decreased cell proliferation through FoxO1 in MCF10A cells [34]. Moreover, another study 
reported that the activation of EMT, accompanied by the loss of cell adhesion, reduction of 
E-cadherin expression, and acquisition of mesenchymal properties, led to lung and breast 
cancer cells becoming more invasive and metastatic [35]. Likewise, our results showed that 
PGD2 significantly recapitulated mesenchymal properties, thereby enhancing migration 
and invasion activity but reducing its proliferation ability (Fig. 1, 2). Moreover, other 
environmental factors such as growth factors and nutrition modulated phenotypes of A549 
cells in a synergistic manner (Fig. 6). Therefore, low nutrient and low serum conditions 
facilitated EMT, enhancing migration and invasive activities but suppressing proliferation 
(Fig. 2).

 Since EMT-related genes have a critical role in the invasion and metastasis of cancer 
cells, we examined the effect of PGD2 on Slug gene expression, the most effective EMT 
regulator in lung cancer cells. During EMT, epithelial cells lose their junction ability, which is 
accompanied by upregulation of transcription factors such as Slug or Twist. A previous study 
showed that 15d-PGJ2, which is derived from PGD2, enhances the expression of EMT-related 
transcription factors, such as Slug [36]. Other studies have demonstrated the upregulation 
of Slug expression during EMT in DLD1 cells stimulated by TGF-β1 [37] and in HNSCC cells 
stimulated by TNF-α [38]. Likewise, we observed that Slug expression was significantly 
upregulated by the treatment of PGD2, revealing its involvement in EMT of A549 cells (Fig. 
1E and 1F). It is also notable that the PGD2-dependent expression of Slug was significantly 
affected by environmental factors such as nutrition and growth factors. For example, only 
a subtle change of PGD2-dependent Slug expression was observed in the presence of high 
levels of nutrition and growth factors (Fig. 6E and 6F). Thus, our data suggest that PGD2-
dependent regulation of Slug expression is only susceptible in a TME with a low level of 
growth factors and insufficient nutrition.
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To validate the signaling cascade that is involved in the PGD2-induced EMT in A549 
cells, we hypothesized that the TGF-β signaling cascade might have an important role in this 
process since many reports have indicated that the TGF-β signaling cascade has a crucial role 
in EMT in various cancer cell types [39, 40]. The results in the present study show that the 
TGF-β signaling cascade is involved in PGD2-induced EMT. Firstly, our results showed that 
PGD2 significantly enhanced the expression of TGF-β1, while the silencing of TGF-β1 blunted 
the PGD2-induced EMT (Fig. 3). In addition, the kinetics of Smad2 phosphorylation by PGD2 
was relatively slower than that of TGF-β1 (Fig. 3C). In line with this, many other reports 
also suggest that prostanoids facilitate the expression of TGF-β in a variety of cells [41-43]. 
Secondly, it has been reported that Smad2 phosphorylation is essential to the functioning 
of the TGF-β receptor signaling cascade [3, 44]. Our results also showed that stimulation of 
A549 cells with PGD2 strongly induced the phosphorylation of Smad2 (Fig. 3C, Fig. 4A and 
Fig. 5C). Thirdly, pharmacological inhibition of TGFβR1 or silencing of TGFβR1 significantly 
blocked the PGD2-induced EMT of A549 cells (Fig. 4 and Fig. 5). Therefore, it is reasonable to 
assume that PGD2 enhancement of the expression of TGF-β1 and the subsequent autocrine 
activation of the TGF-β receptor could be the possible mechanism related to PGD2-induced 
EMT of A549 cells.

In the present study, we demonstrated that environmental cues such as inflammatory 
cytokines, nutrition, and growth factors can concomitantly regulate EMT in A549 cells. To 
elucidate the role of inflammatory cytokine in EMT of A549 cells, we used relatively high 
concentration of PGD2. Currently, physiological relevance of this high concentration of PGD2 is 
unclear but most pharmacological studies involve pathological PGD2 concentrations ranging 
from 100 nM to 10 μM, which is 100- to 1000-fold higher than physiological concentration 
of prostanoids [45]. It is also possible that spatiotemporal concentration of PGD2 in tumor 
microenvironment could be higher than normal physiological concentration. It is also 
notable that phenotypic flexibility exists between the epithelial and mesenchymal types. 
For example, culturing mesenchymal type of A549 cells under normal culture conditions 
completely reverts its phenotype to epithelial type, referred to as MET (Fig. 7). In the process 
of MET, modulation of TGF-β signaling is reported to be important [46, 47]. Therefore, A549 
cells acquire their phenotypic plasticity via the TME, thereby modulating the activation of the 
TGF-β signaling cascade. Currently, the molecular mechanism underlying the expression of 
TGF-β1 by PGD2 remains unclear. Recently, it has been reported that DP1 and DP2, previously 
known as CRTH2, act as receptors for PGD2 [21]. Both receptors regulate the intracellular 
level of cAMP [48]. Based on our results, DP2 receptor signaling cascade might be involved in 
the PGD2-induced EMT of A549 cells since selective activation or selective inhibition of DP2 
receptor significantly affected EMT of A549 cells. By contrast, modulation of DP1 receptor 
had no effect on EMT of A549 cells (Fig. 1G and 1H).

Currently, the mechanism(s) underlying the relationship between low nutrition and 
promoting EMT is still ambiguous. However, it is notable that PGD2 significantly enhanced 
the expression of DP2 receptor in low serum and low nutrition condition (Supplementary 
Fig. S2A). In addition, PGD2-induced expression of TGF-β1 was markedly upregulated in 
low serum and low nutrition condition (Supplementary Fig. S2B). However, low serum and 
low nutrition did not affect TGF-β1-induced EMT of A549 cells (Supplementary Fig. S2C). 
Therefore, it is likely that tumor microenvironmental factors such PGD2, growth factor, and 
nutrition regulate EMT of A549 cells by induction of TGF-β1 rather than modulation of 
TGF-β1 signaling cascade.

Conclusion

In conclusion, tumor microenvironmental factors such as PGD2, low nutrition, and low 
growth factor can facilitate EMT through the upregulation of TGF-β1, thereby enhancing the 
TGFβR signaling cascades in an autocrine manner. As shown in Fig. 8, PGD2 induces EMT 
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of A549 cells by producing TGF-β1 and subsequently changes cells’ ability in proliferation, 
migration, and invasion. In addition, mesenchymal type of lung cancer cells restore its ability 
in proliferation by MET process under normal microenvironment. Thus, our study not 
only reveals new roles of PGD2 in cancer metastasis but also suggests that the PGD2/TGF-β 
signaling cascade could be a potential therapeutic target.
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