
cells

Article

Gas6 Prevents Epithelial-Mesenchymal Transition in
Alveolar Epithelial Cells via Production of PGE2,
PGD2 and Their Receptors

Jihye Jung 1,2, Ye-Ji Lee 1,2, Youn-Hee Choi 1,2, Eun-Mi Park 2,3, Hee-Sun Kim 2,4 and
Jihee L. Kang 1,2,*

1 Department of Physiology, School of Medicine, Ewha Womans University, Seoul 07804, Korea
2 Tissue Injury Defense Research Center, School of Medicine, Ewha Womans University, Seoul 07804, Korea
3 Department of Pharmacology, School of Medicine, Ewha Womans University, Seoul 07804, Korea
4 Department of Molecular Medicine, School of Medicine, Ewha Womans University, Seoul 07804, Korea
* Correspondence: jihee@ewha.ac.kr; Tel.: +82-2-6986-6175; Fax: +82-2-6986-7015

Received: 3 May 2019; Accepted: 25 June 2019; Published: 26 June 2019
����������
�������

Abstract: The epithelial-mesenchymal transition (EMT) is important in organ fibrosis. We hypothesized
that growth arrest-specific protein 6 (Gas6) and its underlying mechanisms play roles in the prevention
of EMT in alveolar epithelial cells (ECs). In this study, to determine whether Gas6 prevents
TGF-β1-induced EMT in LA-4 and primary alveolar type II ECs, real-time PCR and immunoblotting
in cell lysates and ELISA in culture supernatants were performed. Migration and invasion assays
were performed using Transwell chambers. Pretreatment of ECs with Gas6 inhibited TGF-β1-induced
EMT based on cell morphology, changes in EMT marker expression, and induction of EMT-activating
transcription factors. Gas6 enhanced the levels of cyclooxygenase-2 (COX-2)-derived prostaglandin E2

(PGE2) and PGD2 as well as of their receptors. COX-2 inhibitors and antagonists of PGE2 and PGD2

receptors reversed the inhibition of TGF-β1-induced EMT, migration, and invasion by Gas6. Moreover,
knockdown of Axl or Mer reversed the enhancement of PGE2 and PGD2 and suppression of EMT,
migration and invasion by Gas6. Our data suggest Gas6-Axl or -Mer signalling events may reprogram
ECs to resist EMT via the production of PGE2, PGD2, and their receptors.
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1. Introduction

The epithelial to mesenchymal transition (EMT) events have been very well defined during
embryogenesis, organ development, wound healing and stem cell behaviors [1]. This process has also
been shown to contribute pathologically to organ fibrosis and cancer progression. Emerging evidence
suggests that EMT is an important event in idiopathic pulmonary fibrosis (IPF) [2–4]. IPF likely
results from recurrent alveolar epithelial cell (EC) injury coupled with accumulation and differentiation
of fibroblasts into myofibroblasts, leading to the accumulation of extracellular matrix (ECM) and
destruction of the lung parenchyma [5]. Alveolar ECs undergoing epithelial-mesenchymal transition
(EMT), a process frequently mediated by TGF-β [6], are a major source of fibroblasts [7,8]. Although
several drugs are currently used to treat IPF, no proven, efficacious therapies currently exist [9].

Growth arrest-specific protein 6 (Gas6) is a secreted vitamin K-dependent protein. Gas6 comprises
an N-terminal γ-carboxyglutamic acid (Gla) domain followed by four epidermal growth factor
(EGF)-like domains and a large C-terminal region homologous to the sex hormone binding globulin
(SHBG) [10]. Gas6 is expressed in lung, heart, kidney, intestine, fibroblasts, endothelial cells,
bone marrow cells [11], vascular smooth muscle [12], leukocytes [13], and neurons [14]. It is a common
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ligand of the Tyro3/Axl/Mer (TAM) receptor subfamily [15]. These receptors share significant domain
similarity all containing two extracellular N-terminal immunoglobulin-like domains as well as two
fibronectin-III-like domains followed by a tyrosine kinase domain that lies at the C-terminal cytoplasmic
end of the receptors [15]. TAM activation by Gas6 mediates cell survival, proliferation, phagocytosis,
differentiation, adhesion, migration, platelet function, and thrombus stabilization [11–20]. Rothlin
and colleagues reported that the engagement of Gas6/TAM signaling after Toll-like receptors (TLR)
activation usurps the type 1 interferon receptor (IFNAR)-STAT1 cassette to induce TLR suppressors,
suppressor of cytokine signaling 1 (SOCS1) and SOCS3, resulting in the pleiotropic inhibition of both
cytokine receptor and TLR signaling pathways in dendritic cells [21]. Recent study demonstrated
that the Mer pathway involving phosphatidylinositol 3-kinase/Akt and nuclear factor-kappaB (NF-κB)
in macrophages is responsible for decreases in pro-inflammatory signals in response to LPS or
zymosan independent of new protein synthesis [22,23]. Our previous study demonstrated that
Gas6/Mer/Akt/LXR signaling in macrophages modulates TLR-induced cytokine secretion, regulating
the immune response [24]. These results highlight the importance of the TAM signaling for modulation
of the innate immune response. In addition, we reported that macrophages can be reprogrammed by
Gas6 to promote EC proliferation and wound repair via HGF, which is induced by the Mer pathway in
macrophages [25]. Gas6/Axl signaling plays an important role in the control of lens EC growth and
survival [26]. These data suggest a key homeostatic role of Gas6 in the maintenance of tissue ECs.
However, a direct role for Gas6 in EC homeostasis through regulating EMT remains unknown.

TGF-β signaling has been shown to play an important role in EMT and development of pulmonary
fibrosis [6,27]. In the induction of EMT, the activated Smad or non-Smad signaling mediates transcriptional
regulation through the well-orchestrated actions of the Snail, Zeb, and Twist transcription factors [28],
resulting in repression of epithelial marker gene expression and activation of mesenchymal gene expression.
TGF-β1-induced EMT is an important step implicated in epithelial cell migration and invasion toward the
interstitial area and the alveolar space for progression of lung fibrosis [1]. Based on these findings, here,
we identified a novel role for Gas6 in the prevention of TGF-β1-induced EMT and signalling pathway
as well as migration and invasion of murine alveolar type II-like lung (LA-4) ECs and primary mouse
lung alveolar type II (ATII) ECs. Because cyclooxygenase-2 (COX-2)-derived prostaglandin E2 (PGE2)
and PGD2 were found to negatively modulate fibrotic remodelling-associated EMT in lung ECs [29],
we further investigated whether and how these factors are induced by the Gas6-Axl or -Mer pathway and
mediate the inhibition of EMT, migration and invasion of ATII ECs by Gas6.

2. Materials and Methods

2.1. Reagents

Recombinant mouse Gas6 was purchased from R&D Systems (Minneapolis, MN, USA). NS-398,
AH-23848, BW-A868C, BAY-u3405, PGE2, and PGD2, were purchased from Cayman Chemical
(Ann Arbor, MI, USA). AH-6809, and Y-27632, (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) were
used as supplied. The gene-specific relative RT-PCR kit was obtained from Invitrogen (Carlsbad, CA,
USA), and M-MLV reverse transcriptase was purchased from Enzynomics (Hanam, Korea). The enzyme
immunoassay (EIA) kits for PGE2 and PGD2 were obtained from Assay Designs (Ann Arbor, MI,
USA). The antibodies used in this study were against E-cadherin, α-SMA (Abcam, Cambrige, MA,
USA), N-cadherin, c-Met, phospho-Smad2, phospho-Smad3 (Cell Signaling Technology, Beverly, MA,
USA), Smad2/3 (BD Biosciences, Bedford, MA, USA), COX-1, COX-2, EP2, EP4, DP1, DP2, (Cayman
Chemical), phosphor-ERK1/2, ERK, phospho-Akt, Akt, phospho-p38 MAP kinase, p38 MAP kinase
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), and β-actin (Sigma-Aldrich).

2.2. Culture of Cell Lines

LA-4, A549, and HEK-293 cells were purchased from the ATCC (Manassas, VA, USA). LA-4 and
A549 cells were grown in F12K medium (Lonza, Basel, Switzerland) containing 15% heat-inactivated



Cells 2019, 8, 643 3 of 17

foetal bovine serum (FBS) at 37 ◦C in 5% CO2. HEK-293 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Media Tech Inc., Washington, DC, USA) supplemented with 10% FBS, 2 mM
l-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C in 5% CO2.

2.3. Incubation of ECs

ECs were plated in six-well culture plates (2 × 105 cells/well) and cultured overnight in 200 µL
RPMI 1640 or DMEM containing 10% FBS. Primary ATII ECs were plated and cultured on type
1 collagen-coated culture plates (1 × 106 cells/well) for 48 h. Cells were pretreated for 20 h with
400 ng/mL Gas6 before treatment with 10 ng/mL TGF-β1 (R&D Systems Inc., Minneapolis, MN,
USA) [20,21]. In some experiments, 10 µM NS-398 was used to inhibit COX-2. The specific inhibitor
was added 1 h before Gas6 treatment. In addition, 10µM AH-6809, AH-23848, BW-A868C, or BAY-u3405
were used to antagonize E-prostanoid-2 receptor (EP2), EP4, DP1, or DP2, respectively. These receptor
antagonists were added 1 h before the addition of TGF-β1.

2.4. Isolation and Culture of Primary AT II Cells

Primary murine ATII ECs were isolated from C57BL/6 mice and purified as previously
described [30]. Lungs were perfused with 0.9% saline administered through the pulmonary artery until
the lungs became free of blood. After lavage of lungs with 1 mL saline, dispase (100 units) was infused
into cleared mice lungs, followed by incubation of the lungs for 45 min at room temperature. Thereafter,
the lung tissue was separated from large bronchi by mechanical means, and the tissues were then
placed to a Petri dish containing Dulbecco’s modified Eagle’s medium (DMEM) with 0.01% DNase I,
in which they were incubated for 10 min at 37 ◦C. The cells were filtered, centrifuged, and resuspended
to perform sequential plating on mouse IgG (0.75 mg/mL)–coated Petri dishes followed by cell culture
dishes, each at 37 ◦C for 1 h, to get rid of macrophages and fibroblasts, respectively. The final cell
isolates were placed in Type I collagen-coated dishes in Ham’s F12 culture medium supplemented
with 15 mM C8H18N2O4S (HEPES), 0.8 mM CaCl2, 0.25% BSA, 5 mg/mL insulin, 5 mg/mL transferrin,
5 ng/mL sodium selenite, and 2% mouse serum. We previously reported representative confocal
microscopic images of purified ATII cells (LSM5 PASCAL; Carl Zeiss, Jena, Germany) [31].

2.5. Transient Transfections

LA-4 cells were transiently transfected with 1 µg/mL of siRNA specifically targeting either COX-2,
Axl, Mer or with control siRNA (Bioneer, Seoul, Korea) using 5 µL of siRNA transfection reagent
(Genlantis, San Diego, CA, USA) according to the manufacturer’s protocol. The sequences used for
COX-2 knockdown were sense 5′-CUAUGAUAGGAG CAUGUAA-3′ and antisense, 5′-UUACAU
GCUCCUAUCAUA G-3′. The sequences used for Axl knockdown were sense 5′-GAGAUGGACA
GAUCCUAGA-3′ and antisense, 5′-UCUAGGAUCUGUCCAUCUC-3′. The sequences used for Mer
knockdown were sense 5′-CACAGUUUUAUCCUGAUGA-3′ and antisense 5′-UCAUCAGGAUAA
AACUGUG-3′. The sequences for control siRNA were sense 5′-CCUACGCCACCAAUUUCG U-3′

and antisense 5′-ACGAAAUUGGUGGCGUAG G-3′. Cells were incubated in serum-free medium for
6 h for COX-2 siRNA, or 48 h for Axl and Mer siRNA prior to experimentation. None of the siRNAs
used had any significant effect on cell viability.

2.6. Immunoblot Analysis

ECs were lysed in 0.5% Triton X-100-containing lysis buffer and resolved on a 10% SDS-PAGE gel.
Separated proteins were electrophoretically transferred onto nitrocellulose and blocked for 1 h
at room temperature with Tris-buffered saline containing 3% BSA. The membranes were then
incubated at room temperature for 1 h with primary antibodies at 4 ◦C overnight and incubated with
HRP-conjugated secondary antibodies for 1 h at room temperature. Proteins were visualized using
enhanced chemiluminescence, according to the manufacturer’s instructions.
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2.7. Quantitative Real-Time PCR (qPCR)

Gene expression was analyzed by real-time qPCR on a StepOnePlus system (Applied
Biosystems, Life Technologies, Carlsbad, CA, USA). For each qPCR assay, a total of 50 ng cDNA
was used. Primer sets for PCR-based amplifications were designed using Primer Express software.
The primers used were as follows (name: forward primer, reverse primer). For mice, Cdh1:
5′-GCACTCTTCTCCTGGTCCTG-3′, 5′-TATGAGGCTGTGGGTTCCTC-3′; Cdh2: 5′-CCTCCAGAGTTT
ACTGCCATGAC-3′, 5′-CCACCACTGATTCTGTATGCCG-3′; α-SMA: 5′-CCACCGCAAATGCTT
CTAAGT-3′, 5′-GGCAGGAATGATTTGGAAAGG-3′; Snai1: 5′-CCCAAGGCCGTAGAGCTGA-3′,
5′-GCTTTTGCCACTGTCCTCATC-3′; Snai2: 5′-ATCCTCACCTCGGGAGCATA-3′, 5′-TGCCGACGAT
GTCCATACAG-3′; Zeb1: 5′-ATTCAGCTACTGTGAGCCCTGC-3′, 5′-CATTCTGGTCCTCCACAG
TGGA-3′; Zeb2: 5′-GCAGTGAGCATCGAAGAGTACC-3′, 5′-GGCAAAAGCATCTGGAGTTCCAG-3′;
Twist1: 5′-TCGACTTCCTGTACCAGGTCCT-3′, 5′-CCATCTTGGAGTCCAGCTCG-3′; Cox1:
5′-CGATCTGGCTTCGTGAAC-3′, 5′-GAGCTGCAGGAAATAGCC-3′; Cox2: 5′-GGGAGTCTGGAAC
ATTGTGA-3′, 5′-GTGCACATTGTAAGTAGG TG-3′; Ptger2: 5′-GTGGCCCTGGCTCCCGAAAGT-3′,
5′-GGCAAGGAGCATATGGCGAAGGTG-3′; Ptger4: 5′-ATCTTCGGGGTGGTGGGCAA-3′,
5′-CGCTTGTCCACGTAGTGGCT-3′; Dp1: 5′-TTTGGGAAGTTCGTGCAGTACT-3′, 5′-GCCATGAGG
CTGGAGTAG A-3′; Dp2: 5′-CATGTGCTACTACAACTTGC-3′, 5′-GCAGACTGAAGATGTGG TAGG-3′;
and Hprt: 5′-CCAGTGTCAATTATATCTTCAAC-3′, 5′-CAGACTGAAGAGCTACT GTAATG-3′. The
cDNA abundances were normalized to that of hypoxanthine-guanine phosphoribosyltransferase (Hprt)
and are presented as the fold-change in abundance compared to the appropriate controls.

2.8. Migration and Invasion Assays

Cell migration and invasion were tested using Transwell chambers (Corning Inc., Corning, NY,
USA) coated with 10 µg/mL fibronectin and 300 µg/mL Matrigel matrix according to the manufacturer’s
instruction, respectively. In brief, pre-incubated primary mouse AT II cells or LA-4 cells (5 × 104

cells/well for the migration assay and 5× 104 cells/well for the invasion assay) in the absence or presence
of TGF-β1 (10 ng/mL) were plated in replicate wells in serum-free RPMI in the upper chambers and in
RPMI 1640 supplemented with 10% FBS placed in the bottom wells at 37 ◦C for 48 h migration time or
48 h invasion time. The nonmigrated or noninvaded cells on the upper surface of the membrane were
removed with a cotton swap. Migrated cells on the lower surface were fixed with 4% paraformaldehyde
and stained using 0.1% crystal violet. Three random microscopic fields (10× magnification) were
photographed and counted. All experiments were performed in triplicates.

2.9. Enzyme-Linked Immunosorbent Assay (ELISA)

Culture supernatants were collected. The levels of PGE2 and PGD2 concentration were measured
using an EIA kit according to the manufacturer’s instructions.

2.10. Statistical Analysis

Data are expressed as the mean ± S.E. Analysis of variance was used for multiple comparisons,
and Tukey’s post hoc test was used where appropriate. The Student’s t test was used to compare two
sample means. A P value less than 0.05 was considered statistically significant. All data were analysed
using JMP software (SAS Institute, Cary, NC, USA).

3. Results

3.1. Gas6 Inhibits TGF-β1-Induced EMT in Lung and Kidney ECs

Pretreatment with 400 ng/mL Gas6 prevented a spindle-like morphology (Figure 1A) and changes
in EMT markers, such as decreased E-cadherin and increased N-cadherin, and α-SMA, at both the
protein and mRNA levels after a 48- or 72-h stimulation with TGF-β1 in LA-4 ECs (Figure 1B,C).
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We also observed this inhibitory effect in ATII ECs (Figure 1B,C), A549 human non-small lung cancer
cells, and HEK293 human kidney cells (Supplementary Figure S1A). However, EMT marker protein
expression was not inhibited when pretreatment occurred 2 h before TGF-β1 treatment or the culture
medium was replaced 20 h after Gas6 pretreatment prior to TGF-β1 stimulation for 72 h (Supplementary
Figure S1B,C).
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Figure 1. Growth arrest-specific protein 6 (Gas6) pretreatment inhibits transforming growth factor
(TGF)-β1-induced epithelial-mesenchymal transition (EMT) in lung epithelial cells (ECs). (A–C) LA-4
and ATII ECs were pretreated with 400 ng/mL Gas6 for 20 h prior to 10 ng/mL TGF-β1 treatment for 48
or 72 h. (A) Morphological changes in LA-4 ECs were examined by phase-contrast microscopy. Scale
bars = 50 µm. Results are representative of three independent experiments. (B) Immunoblots of total
cell lysates were performed with anti-E-cadherin, -N-cadherin, or -α-SMA antibodies. Densitometry of
the relative abundances of the indicated EMT markers. Alpha-tubulin was used as a control. (C) The
amount of EMT markers’ mRNAs in cell lysates was analysed by real-time PCR and normalized to that
of hypoxanthine phosphoribosyltransferase. Values represent the mean ± S.E. of three independent
experiments. * P < 0.05; compared with control; + P < 0.05 as indicated.

3.2. Gas6 Inhibits Non-Smad TGF-β1 Signalling and EMT-Regulating Transcription Factor Expression

Gas6 pretreatment inhibited the TGF-β1-induced mRNA expression of Snai1/2, Zeb1/2, and Twist1
in LA-4 ECs, ATII ECs (Figure 2A,B), A549 cells, and HEK293 cells (Supplementary Figure S2A,B).
The TGF-β1-induced increases in Snail1 and Zeb1 expression at the protein level in LA-4 cells
were also reduced by Gas6 (Figure 2C). In addition, Gas6 pretreatment of LA-4 ECs did not affect
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the TGF-β1-induced phosphorylation of Smad2 or Smad3 (Supplementary Figure S2C). However,
Gas6 partially inhibited the TGF-β1-induced phosphorylation of extracellular signal-regulated kinase
(ERK)1/2 and Akt (Figure 2D), but not p38 mitogen-activated protein kinase phosphorylation
(Supplementary Figure S2D).
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Figure 2. Growth arrest-specific protein 6 (Gas6) pretreatment reduces epithelial-mesenchymal
transition (EMT)-regulating transcription factor expression and blocks Smad-independent transforming
growth factor (TGF)-β1 signalling in epithelial cells. (A–C) LA-4 and ATII epithelial cells (ECs) were
pretreated with 400 ng/mL Gas6 20 h prior to 10 ng/mL TGF-β1 stimulation for 48 or 72 h. (A,B) The
amounts of Snai1/2, Zeb1/2, and Twist1 mRNA were analysed by real-time PCR and normalized to that of
hypoxanthine phosphoribosyltransferase (Hprt). (C,D) Representative immunoblots of LA-4 EC lysates
were performed with anti-Snail1, -Zeb1, -total/phosphorylated ERK1/2, and -Akt protein antibodies.
Beta-actin or alpha-tubulin was used as a loading control. Densitometric analysis of the indicated
protein abundances. Data in all bar graphs are the mean ± S.E. of three independent experiments.
* P < 0.05 compared with control; + P < 0.05 as indicated.

3.3. Gas6 Enhances COX-2-Derived Production of PGE2, PGD2, and Their Receptors

COX-2 mRNA abundance peaked at 1 h and returned to resting levels 20 h after Gas6 treatment
in LA-4 and ATII ECs (Figure 3A). COX-2 protein expression in LA-4 ECs increased up to 24 h in
LA-4 ECs (Figure 3B). PGE2 and PGD2 production increased in LA-4 ECs 20 h after Gas6 treatment
(Figure 3C) but was blocked by COX-2 siRNA (Figure 3D). Interestingly, mRNA and protein levels of
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EP2 and DP2 were enhanced 20–24 h after Gas6 treatment, whereas EP4 and DP1 mRNA and protein
levels were unaffected, in LA-4 ECs (Figure 3E,F). However, transfection of LA-4 ECs with COX-2
siRNAs inhibited Gas6-indued Ptger2 and Dp2 mRNA expression (Figure 3G). Increases in Ptger2 and
Dp2 mRNA expression by Gas6 were also shown in ATII ECs (Figure 3H).
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Figure 3. Cyclooxygenase (COX)-2 signaling is required for growth arrest-specific protein 6
(Gas6)-induced production of prostaglandin (PG)E2, PGD2, and their receptors. (A–C) LA-4 and
primary alveolar type II (AT II) epithelial cells (ECs) were treated with 400 ng/mL Gas6 for the
times indicated. (A) qPCR analysis of Cox2 and Cox1 mRNAs in cell lysates. (B) Representative
immunoblots of LA-4 EC lysates were performed with anti-COX-2, -COX-1, or -α-tubulin antibodies.
(C) PGE2 or PGD2 levels in conditioned media from LA-4 and AT II ECs were measured by enzyme
immunoassay. (D) Immunoblots of total cell lysates were performed with anti-COX-2 antibodies in
LA-4 ECs transfected with COX-2 specific or control siRNA for 6 h. Densitometric analysis of the
COX-2 relative abundances. PGE2 and PGD2 levels in conditioned media from LA-4 ECs transfected
with COX-2 specific or control siRNA for 6 h prior to treatment with 400 ng/mL Gas6 for 20 h were
measured by EIA. (E) qPCR analysis of Ptger2, Ptger4, Dp1, and Dp2 mRNA in LA-4 ECs treated with
400 ng/mL Gas6 for the time indicated. (F) Immunoblot analysis of EP2, EP4, DP1, or DP2 in LA-4 cells.
Densitometric analysis of the indicated receptor’ relative abundances. (G) qPCR analysis of Ptger2,
Ptger4, Dp1, and Dp2 mRNA in LA-4 ECs transfected with COX-2 specific or control siRNA for 6 h prior
to treatment with 400 ng/mL Gas6 for 20 h. (H) qPCR analysis of Ptger2, Ptger4, Dp1, and Dp2 mRNA
in ATII ECs treated with 400 ng/mL Gas6 for the time indicated. Data in all bar graphs are the mean ±
S.E. of three independent experiments. * P < 0.05 compared with control; + P < 0.05 as indicated.
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3.4. COX-2-Derived PGE2 and PGD2 Secretion by Gas6 Treatment Inhibits EMT

The COX-2 inhibitor NS-398 reversed the effect of Gas6 on TGF-β1-induced changes in morphology
(Figure 4A) and EMT markers at the protein and gene levels as well as Snai1, Zeb1, and Twist1 mRNA
expression in LA-4 (Figure 4B; Supplementary Figure S3A,B) and ATII ECs (Figure 4C,D). Moreover,
knockdown of the Cox2 gene resulted in similar effects in LA-4 ECs (Figure 4E; Supplementary
Figure S3C,D). COX-2 siRNAs reversed the reduction of TGF-β1-induced phosphorylation of ERK1/2
and Akt in LA-4 ECs by Gas6 (Figure 4F).Cells 2019, 8, 643 9 of 19 
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Figure 4. Cyclooxygenase (COX)-2-derived signaling mediates growth arrest-specific protein 6
(Gas6)-induced epithelial-mesenchymal transition (EMT) inhibition. (A–D) LA-4 ECs were pretreated
with 10 µM NS-398 1 h before 400 ng/mL Gas6 treatment for 20 h and then stimulated with
10 ng/mL TGF-β1 treatment for 72 h. (A) Morphological changes in the cells were examined by
phase-contrast microscopy. Scale bars = 50 µm. (B) Immunoblots of total cell lysates were performed
with anti-E-cadherin, -N-cadherin, or -α-SMA antibodies. Densitometric analysis of the indicated
EMT markers’ relative abundances. (C,D) Primary AT II cells were pretreated with 10 µM NS-398
1 h before 400 ng/mL Gas6 treatment for 20 h and then stimulated with 10 ng/mL TGF-β1 treatment
for 72 h. qPCR analysis of the mRNAs of EMT markers and EMT-regulating transcription factors.
(E,F) LA-4 ECs were transfected with COX-2-specific or control siRNAs for 6 h prior to treatment with
400 ng/mL Gas6 for 20 h and then stimulated with 10 ng/mL TGF-β1 for 72 h or the times indicated.
Representative immunoblotsof LA-4 EC lysates were performed with anti-E-cadherin, -N-cadherin,
-α-SMA, -total/phosphorylated ERK1/2, and -Akt protein antibodies. Densitometric analysis of the
indicated protein abundances. Data in all bar graphs are the mean ± S.E. of three independent
experiments. * P < 0.05 compared with control; + P < 0.05 as indicated.
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To determine whether the production of PGE2 and PGD2 mediates anti-EMT effects, PGE2- or
PGD2-specific receptor antagonists [antagonists of EP2 (AH-6809), EP4 (AH-23848), DP1 (BW-A868C),
or DP2 (BAY-u3405)] were added to LA-4 and ATII ECs 1 h before TGF-β treatment in the absence
or presence of Gas6. AH-6809 and BAY-u3405 significantly reversed anti-EMT effects (Figure 5A,B;
Supplementary Figure S4A–C), whereas AH-23848 and BW-A868C had few effects. In addition,
the reversing effects of AH-6809 and BAY-u3405 were also found in ATII ECs (Figure 5C,D).
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Figure 5. Prostaglandin (PG)E2 and PGD2 secretion inhibits growth arrest-specific protein 6
(Gas6)-induced epithelial-mesenchymal transition (EMT) via their receptors. (A–D) LA-4 and AT II
epithelial cells (ECs) were stimulated with 400 ng/mL Gas6 for 20 h and then stimulated with 10 ng/mL
TGF-β1 for 48 or 72 h with or without antagonists of EP2 (AH-6809), EP4 (AH-23848), DP1 (BW-A868C),
or DP2 (BAY-u3405), each at a dose of 10 µM. (A) Representative immunoblots of total cell lysates were
performed with anti-E-cadherin, -N-cadherin, or -α-SMA antibodies. (B) qPCR analysis of the mRNAs
of EMT transcription factors in LA-4 ECs. (C,D) qPCR analysis of the mRNAs of EMT markers and
EMT transcription factors in primary AT II ECs. Values represent the mean ± S.E. of three independent
experiments. * P < 0.05 compared with control; + P < 0.05 as indicated.
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3.5. Axl and Mer Receptor Tyrosine Kinases are Involved in Anti-EMT Effects of Gas6 in LA-4 ECs

Axl and Mer receptors were rapidly activated in LA-4 ECs after Gas6 stimulation (Figure 6A,B).
Knockdown of Axl or Mer reversed the enhanced induction of COX-2 mRNA expression by Gas6 as
well as PGE2 and PGD2 production, and Ptger2 and Dp2, but not Ptger4 and Dp1, mRNA expression
(Figure 6C–G).
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Figure 6. Activation of Axl or Mer mediates growth arrest-specific protein 6 (Gas6)-induced inhibition
of COX-2 signaling and epithelial-mesenchymal transition (EMT) in LA-4 epithelial cells (ECs). (A,B)
Immunoblot of total cell lysates were performed with anti-total/phosphorylated Axl and -Mer antibodies
in LA-4 ECs treated with 400 ng/mL Gas6 for the times indicated. Densitometric analysis of the indicated
protein abundances. (C,D) Immunoblots of total cell lysates were performed with anti-Axl, or -Mer
antibodies in LA-4 ECs transfected with Axl, Mer, or control siRNA. Densitometric analysis of the
indicated protein abundances. (E–G) LA-4 ECs were transfected with Axl, Mer, or control siRNAs
for 48 h and then stimulated with 400 ng/mL Gas6. (E,G) qPCR analysis of the mRNAs of Cox2,
Ptger2, Ptger4, Dp1, and Dp2 in LA-4 EC lysates 1 or 20 h after Gas6 stimulation. (F) PGE2 and PGD2

levels in conditioned media 20 h after Gas6 stimulation were measured by enzyme immunoassay.
(H–J) LA-4 ECs were transfected with Axl, Mer, or control siRNAs for 48 h prior to treatment with
400 ng/mL Gas6 for 20 h and then stimulated with 10 ng/mL TGF-β1 for 72 h or the times indicated.
(H) Representative immunoblots of total cell lysates with anti-E-cadherin, -N-cadherin, or -α-SMA
antibodies in the indicated samples. (I) qPCR analysis of the mRNAs of EMT transcription factors.
(J) Representative immunoblots of total cell lysates with anti-total/phosphorylated ERK1/2 and -Akt
protein antibodies. Values represent the mean ± S.E. of three independent experiments. * P < 0.05;
compared with control; + P < 0.05 as indicated.
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The inhibitory effects of Gas6 on EMT marker changes in LA-4 ECs at the protein and gene levels,
and the downregulation of the mRNA expression of EMT transcription factors, were reversed by
their specific siRNAs (Figure 6H,I; Supplementary Figure S5A,B). Axl- or Mer-specific siRNAs also
reversed the reduction of TGF-β1-induced phosphorylation of ERK1/2 and Akt by Gas6 (Figure 6J;
Supplementary Figure S5C).

3.6. Gas6 Inhibits TGF-β1-Induced Migration and Invasion in ATII Cells

Pretreatment of LA-4 or ATII ECs with Gas6 inhibited TGF-β1-induced cell migration and invasion
(Figure 7A–D; Supplementary Figure S6A–D). However, COX-2 inhibitor NS398 or antagonists of EP2,
and DP2, but not DP4 and DP1, reversed Gas6-induced inhibition of cells migration and invasion.
Similarly, siRNAs of Axl or Mer also reversed the inhibitory effects of Gas6 on TGF-β1-induced
migration and invasion of LA-4 ECs (Figure 7E,F).Cells 2019, 8, 643 13 of 19 
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Figure 7. Growth arrest-specific protein 6 (Gas6)/Axl signaling inhibits migration and invasion of LA-4
and alveolar type II (AT II) epithelial cells (ECs) via prostaglandin (PG)E2 and PGD2. (A–D) LA-4 and
primary AT II ECs were stimulated with 400 ng/mL Gas6 for 20 h and then stimulated with 10 ng/mL
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TGF-β1 with or without antagonists of EP2 (AH-6809), EP4 (AH-23848), DP1 (BW-A868C), or DP2
(BAY-u3405), each at a dose of 10 µM, for 48 or 72 h. The quantification of migrated or invaded cells in
Boyden chambers. (E,F) LA-4 ECs were transfected with Axl, Mer, or control siRNAs for 48 h prior to
treatment with 400 ng/mL Gas6 for 20 h and then stimulated with 10 ng/mL TGF-β1 for 72 h. The cells
were visualized by phase-contrast microscopy for the analysis of migratory in (E) left and invasive in
(F) left abilities using Fn-coated Transwell and Matrigel-coated Transwell plates, respectively. Scale
bars: 100 µm. Quantification of cells that migrated in (E) right or invaded in (F) right. Values represent
the mean ± S.E. of three independent experiments. * P < 0.05 compared with control; + P < 0.05
as indicated.

4. Discussion

Gas6/Axl signaling plays an important role in the control of epithelial cell growth and survival [32].
For example, Gas6/Axl signaling mediates a survival or anti-apoptotic response in quiescent lens ECs
under conditions of growth factor deprivation and proliferating lens ECs from TGFβ1- or TNFα-induced
apoptosis [26]. Recently, it was proposed that Gas6/Axl signaling plays a critical role in oral epithelial
cells as a key immunological regulator of host-commensal interactions [32]. These data suggest a key
homeostatic role of Gas6 in the maintenance of tissue epithelial cells. In the present study, we focused
on a new role for Gas6 in preventing EMT, cell migration and invasion in lung ATII ECs. Gas6 treatment
20 h prior to TGF-β1 inhibited changes in EMT markers in lung ECs, including LA-4 ECs, primary
ATII ECs, A549 cells, and HEK-293 kidney cells. The master regulators of EMT, including Snail, Zeb,
and Twist, are upregulated by TGF-β via both Smad-dependent and -independent mechanisms [33].
We demonstrated that Gas6 blocked non-Smad TGF-β1 signalling and downregulated the mRNA
expression of EMT transcription factors. Notably, the anti-EMT effect of Gas6 was not observed after
the replacement of fresh culture media prior to TGF-β addition. These data strongly suggest that Gas6
inhibits EMT through the induction and secretion of bioactive mediators to block TGF-β signalling in
an autocrine/paracrine manner.

The COX-2/PGE2 and PGD2 pathways result in the inhibition of EMT in lung and renal cells [25,34].
Thus, we hypothesized that PGE2 and PGD2 secretion by Gas6 mediates anti-EMT effects in an
autocrine/paracrine manner. We found that Gas6 treatment enhances COX-2 expression with secretion
of these mediators from LA-4 ECs. We confirmed, using specific siRNAs for COX-2, the secretion of
PGE2 and PGD2 after Gas6 stimulation. Moreover, either knockdown of COX-2 or pharmacologic
inhibition of COX-2 activity by NS398 reversed the inhibition of TGF-β1-induced EMT and EMT
transcription factor expression in LA-4 and ATII ECs by Gas6. In particular, COX-2 siRNAs also
reversed the inhibitory effect of Gas6 on non-Smad TGF-β1 signaling in LA-4 ECs. Therefore, these
data indicate that Gas6 prevents non-Smad TGF-β signaling and EMT in ATII ECs via PGE2 and
PGD2 secretion.

Considering the effects of the agonists of EP1–4, the suppressive effects of PGE2 on TGF-β1-induced
EMT may be mediated via the EP2 and EP4 receptors in A549 cells [35]. In the current study, we found
that antagonists of EP2 and DP2, but not of EP4 and DP1, reversed Gas6-induced anti-EMT effects in
LA-4 and ATII ECs. Interestingly, the mRNA and protein expression levels of EP2 and DP2, but not of
EP4 and DP1, were enhanced up to 24 h in a time-dependent manner by Gas6 in LA-4 ECs. Taken
together, these data suggest that the increases in EP2 and DP2 abundance and activity contribute,
at least in part, to the anti-EMT effect of Gas6 in ATII ECs.

The functions of Gas6 appear limited to those caused by the activation of TAM receptors
(Axl>Tyro3>>>Mer). In the present study, Gas6 induced higher levels of Axl phosphorylation than
Mer phosphorylation in LA4 ECs. However, siRNA knockdown of Axl or Mer reversed the inhibition of
changes in TGF-β1-induced EMT markers at the gene and protein levels by Gas6, restoring Snai1, Zeb1,
and Twist1 mRNA expression to similar levels. Of note, we found that PGE2 and PGD2 production as
well as reduction in transforming growth factor (TGF)-β1-induced ERK1/2 and Akt phosphorylation
levels by Gas6 were blocked by specific siRNAs for Axl or Mer. These data suggest that the Gas6-Axl
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and -Mer pathways mediate PGE2 and PGD2 production, maintain EC homeostasis, and prevent
pathologic process EMT in LA-4 ECs after TGF-β1 stimulation. There may be an interdependence
of these related receptors in LA-4 ECs. In platelets, all three TAM family receptors are expressed;
the targeted knockout of a single receptor was shown to result in a phenotype of decreased platelet
aggregation and clot instability [36,37]. In addition, the inhibition of related receptor tyrosine kinases
was found to cause a significant decrease in astrocytoma survival and growth [38]. Further studies are
needed to fully determine how receptor tyrosine kinases interact under specific biological conditions.

EMT is characterized by the enhancement of cellular migration and invasive potential. Fibroblasts
and myofibroblasts from IPF patients have been shown to have distinct properties [39], including
the ability to invade the ECM similar to metastatic cancer cells [40]. In addition to anti-EMT effects,
we demonstrated that Gas6/Axl or Mer signaling inhibits TGF-β1-induced migration and invasion of
LA-4 and ATII ECs via PGE2 and PGD2 production.

Lee et al. [41] reported that Gas6 enhanced the migration and invasion of various hepatocellular
carcinoma (HCC) cell lines in the absence of TGF-β1. The Gas6-Axl pathway enhanced Snai1 mRNA
expression. However, we demonstrated that Gas6 itself did not affect mRNA or protein expression
of EMT markers or transcription factors in a variety of ECs; Gas6 also did not affect the migration or
invasion of LA-4 or ATII ECs in the absence of TGF-β1. We believe that the diversification of Gas6
function via Mer and Axl activation may be due to differences in the experimental design of our study
and those of other studies.

Gas6/Axl signaling induces proliferation of mesangial cells in kidney fibrosis [42], vascular
smooth muscle cells response to intimal vascular injury [43], and cardiac fibroblasts during prolonged
serum starvation. [44]. Thus, this pathway has been implicated in growth and survival processes
during regeneration, and tissue repair. The selective targeting of Gas6-Axl specific antibodies or
small-molecule inhibitors of TAM receptors was shown to modulate the activation of fibroblasts in
patients with IPF [45]. On the other hand, an exogenous treatment with protein S, a TAM receptor
ligand, significantly decreased the levels of inflammatory and profibrotic markers, decreased lung
fibrosis, and blocked apoptosis in alveolar ECs [46]. These controversial data suggest that the roles of
Gas6 and TAM receptors are complex; thus, future studies are necessary to more fully understand the
diverse roles of Gas6-TAM signaling in certain cell types and/or in vivo disease models, considering
different cellular microenvironments.

TAM receptors have been implicated in human cancers by virtue of their pathological
overexpression [47–50]. Gas6 is also concomitantly overexpressed in human cancers, implying that,
besides receptor overexpression, TAM participate in autocrine circuits by overexpressing both receptors
and ligands [51–53]. Profound experimental evidence supports the unanimity that TAM receptors, in a
cell-autonomous manner, act as pro-oncogenes enhancing the growth, survival, migration, and EMT of
cancer cells [54]. Paradoxically, experimental evidence has demonstrated that the marked susceptibility
to experimentally induced colitis observed in mutant mice lacking Gas6 as well as Axl and Mer
correlates with increased incidence of colon cancer, resulting in larger tumors and reduced overall
survival [55,56]. These studies indicate the complicated implication of Gas6 and TAM in cancer
and underscore the importance of understanding their tissue and cell type-specific functions in
cancer. To end this, further mechanistic insights into TAM-mediated regulation of anti-tumor immune
responses are needed.

5. Conclusions

In summary, our study reveals a critical role for Gas6-Axl or -Mer signaling in the prevention of
TGF-β1-induced EMT, migration, and invasion in ATII ECs. The production of COX-2-derived PGE2

and PGD2 and their receptors is essential for the effects of Gas6. Considering that EMT is has been
implicated in the pathogenesis of fibrosis in response to epithelial stress and injury in multiple organs,
including the lung, kidney, liver, and peritoneum, the present data suggest that Gas6 could be used to
develop preventive and therapeutic strategies to limit pathologic fibrosis in diverse organ diseases.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/7/643/s1.
Figure S1: Effect of Gas6 on TGF-β1-induced epithelial-mesenchymal transition (EMT) in lung and kidney
epithelial cells. Figure S2: Effect of Gas6 pretreatment on epithelial-mesenchymal transition (EMT)-regulating
transcription factor expression and TGF-β1 signaling in epithelial cells. Figure S3: Cyclooxygenase (COX)-2
signaling is required for Gas6-induced inhibition of epithelial-mesenchymal transition (EMT) in LA-4 epithelial cells.
Figure S4: Antagonists of prostaglandin (PG)E2 and PGD2 receptors reverse Gas6-induced epithelial-mesenchymal
transition (EMT) inhibition in LA-4 epithelial cells. Figure S5: Inhibition of Axl or Mer signaling reverses
suppression of epithelial-mesenchymal transition (EMT) in LA-4 epithelial cells by Gas6. Figure S6: Gas6 inhibits
on TGF-β1-induced migration and invasion through prostaglandin (PG)E2 and PGD2.
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Abbreviations

qPCR Quantitative real-time PCR
EMT epithelial-mesenchymal transition
Gas6 growth arrest-specific protein 6
ECs epithelial cells
PGE2 prostaglandin E2
ECM extracellular matrix
IPF idiopathic pulmonary fibrosis
TAM Tyro3/Axl/Mer
ATII alveolar type II
COX-2 cyclooxygenase-2
FBS foetal bovine serum
EP2 E-prostanoid-2 receptor
HPRT hypoxanthine-guanine phosphoribosyltransferase
ELISA enzyme-linked immunosorbent assay
ERK extracellular signal-regulated kinase
HCC hepatocellular carcinoma
DMEM Dulbecco’s modified Eagle’s medium
TGF transforming growth factor

References

1. Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119,
1420–1428. [CrossRef]

2. Hardie, W.D.; Glasser, S.W.; Hagood, J.S. Emerging concepts in the pathogenesis of lung fibrosis. Am. J. Pathol.
2009, 175, 3–16. [CrossRef] [PubMed]

3. Wynn, T.A. Integrating mechanisms of pulmonary fibrosis. J. Exp. Med. 2011, 208, 1339–1350. [CrossRef]
4. Salton, F.; Volpe, M.C.; Confalonieri, M. Epithelial-mesenchymal transition in the pathogenesis of idiopathic

pulmonary fibrosis. Medicina 2019, 55, 83. [CrossRef] [PubMed]
5. Todd, N.W.; Luzina, I.G.; Atamas, S.P. Molecular and cellular mechanisms of pulmonary fibrosis. Fibrogenesis

Tissue Repair 2012, 5, 11. [CrossRef] [PubMed]
6. Yamaguchi, M.; Hirai, S.; Tanaka, Y.; Sumi, T.; Miyajima, M.; Mishina, T.; Yamada, G.; Otsuka, M.; Hasegawa, T.;

Kojima, T.; et al. Fibroblastic foci, covered with alveolar epithelia exhibiting epithelial-mesenchymal transition,
destroy alveolar septa by disrupting blood flow in idiopathic pulmonary fibrosis. Lab. Investig. 2017, 97,
232–242. [CrossRef]

7. Zeisberg, E.M.; Tarnavski, O.; Zeisberg, M.; Dorfman, A.L.; McMullen, J.R.; Gustafsson, E.; Chandraker, A.;
Yuan, X.; Pu, W.T.; Roberts, A.B.; et al. Endothelial-to-mesenchymal transition contributes to cardiac fibrosis.
Nat. Med. 2007, 13, 952–961. [CrossRef]

http://www.mdpi.com/2073-4409/8/7/643/s1
http://dx.doi.org/10.1172/JCI39104
http://dx.doi.org/10.2353/ajpath.2009.081170
http://www.ncbi.nlm.nih.gov/pubmed/19497999
http://dx.doi.org/10.1084/jem.20110551
http://dx.doi.org/10.3390/medicina55040083
http://www.ncbi.nlm.nih.gov/pubmed/30925805
http://dx.doi.org/10.1186/1755-1536-5-11
http://www.ncbi.nlm.nih.gov/pubmed/22824096
http://dx.doi.org/10.1038/labinvest.2016.135
http://dx.doi.org/10.1038/nm1613


Cells 2019, 8, 643 15 of 17

8. Tanjore, H.; Xu, X.C.; Polosukhin, V.V.; Degryse, A.L.; Li, B.; Han, W.; Sherrill, T.P.; Plieth, D.; Neilson, E.G.;
Blackwell, T.S.; et al. Contribution of epithelial-derived fibroblasts to bleomycin-induced lung fibrosis. Am. J.
Respir. Crit. Care Med. 2009, 180, 657–665. [CrossRef]

9. Tanaka, R.; Watanabe, H.; Kodama, A.; Chuang, V.T.; Ishima, Y.; Hamasaki, K.; Tanaka, K.; Mizushima, T.;
Otagiri, M.; Maruyama, T. Long-acting human serum albumin-thioredoxin fusion protein suppresses
bleomycin-induced pulmonary fibrosis progression. J. Pharmacol. Exp. Ther. 2013, 345, 271–283. [CrossRef]

10. Saller, F.; Burnier, L.; Schapira, M.; Angelillo-Scherrer, A. Role of the growth arrest-specific gene 6 (gas6)
product in thrombus stabilization. Blood Cells Mol. Dis. 2006, 36, 373–378. [CrossRef]

11. G Avanzi, G.C.; Gallicchio, M.; Cavalloni, G.; Gammaitoni, L.; Leone, F.; Rosina, A.; Boldorini, R.; Monga, G.;
Pegoraro, L.; Varnum, B.; et al. GAS6, the ligand of Axl and Rse receptors, is expressed in hematopoietic
tissue but lacks mitogenic activity. Exp. Hematol. 1997, 25, 1219–1226.

12. Nakano, T.; Higashino, K.; Kikuchi, N.; Kishino, J.; Nomura, K.; Fujita, H.; Ohara, O.; Arita, H. Vascular
smooth muscle cell-derived, Gla-containing growth-potentiating factor for Ca2+-mobilizing growth factors.
J. Biol. Chem. 1995, 270, 5702–5705. [CrossRef] [PubMed]

13. Loges, S.; Schmidt, T.; Tjwa, M.; van Geyte, K.; Lievens, D.; Lutgens, E.; Vanhoutte, D.; Borgel, D.; Plaisance, S.;
Hoylaerts, M.; et al. Malignant cells fuel tumor growth by educating infiltrating leukocytes to produce the
mitogen Gas6. Blood 2010, 115, 2264–2273. [CrossRef] [PubMed]

14. Prieto, A.L.; Weber, J.L.; Lai, C. Expression of the receptor protein-tyrosine kinases Tyro-3, Axl, and mer in
the developing rat central nervous system. J. Comp. Neurol. 2000, 425, 295–314. [CrossRef]

15. Rothlin, C.V.; Lemke, G. TAM receptor signaling and autoimmune disease. Curr. Opin. Immunol. 2010, 22,
740–746. [CrossRef]

16. Lemke, G.; Rothlin, C.V. Immunobiology of the TAM receptors. Nat. Rev. Immunol. 2008, 8, 327–336.
[CrossRef]

17. Nagata, K.; Ohashi, K.; Nakano, T.; Arita, H.; Zong, C.; Hanafusa, H.; Mizuno, K. Identification of the
product of growth arrest-specific gene 6 as a common ligand for Axl, Sky, and Mer receptor tyrosine kinases.
J. Biol. Chem. 1996, 271, 30022–30027. [CrossRef]

18. Gould, W.R.; Baxi, S.M.; Schroeder, R.; Peng, Y.W.; Leadley, R.J.; Peterson, J.T.; Perrin, L.A. Gas6 receptors
Axl, Sky and Mer enhance platelet activation and regulate thrombotic responses. J. Thromb. Haemost. 2005, 3,
733–741. [CrossRef]

19. Goruppi, S.; Ruaro, E.; Schneider, C. Gas6, the ligand of Axl tyrosine kinase receptor, has mitogenic and
survival activities for serum starved NIH3T3 fibroblasts. Oncogene 1996, 12, 471–480.

20. McCloskey, P.; Fridell, Y.W.; Attar, E.; Villa, J.; Jin, Y.; Varnum, B.; Liu, T. GAS6 mediates adhesion of cells
expressing the receptor tyrosine kinase Axl. J. Biol. Chem. 1997, 272, 23285–23291. [CrossRef]

21. Rothlin, C.V.; Ghosh, S.; Zuniga, E.I.; Oldstone, M.B.; Lemke, G. TAM receptors are pleiotropic inhibitors of
the innate immune response. Cell 2007, 131, 1124–1136. [CrossRef] [PubMed]

22. Alciato, F.; Sainaghi, P.P.; Sola, D.; Castello, L.; Avanzi, G.C. TNF-alpha, IL-6, and IL-1 expression is inhibited
by GAS6 in monocytes/macrophages. J. Leukoc. Biol. 2010, 87, 869–875. [CrossRef] [PubMed]

23. Eken, C.; Martin, P.J.; Sadallah, S.; Treves, S.; Schaller, M.; Schifferli, J.A. Ectosomes released by
polymorphonuclear neutrophils induce a MerTK-dependent anti-inflammatory pathway in macrophages.
J. Biol. Chem. 2010, 285, 39914–39921. [CrossRef] [PubMed]

24. Choi, J.Y.; Seo, J.Y.; Yoon, Y.S.; Lee, Y.J.; Kim, H.S.; Kang, J.L. Mer signaling increases the abundance of the
transcription factor LXR to promote the resolution of acute sterile inflammation. Sci. Signal. 2015, 8, ra21.
[CrossRef] [PubMed]

25. Lee, Y.J.; Park, H.J.; Woo, S.Y.; Park, E.M.; Kang, J.L. RhoA/phosphatidylinositol 3-kinase/protein kinase
B/mitogen-activated protein kinase signaling after growth arrest-specific protein 6/mer receptor tyrosine
kinase engagement promotes epithelial cell growth and wound repair via upregulation of hepatocyte growth
factor in macrophages. J. Pharmacol. Exp. Ther. 2014, 350, 563–577. [PubMed]

26. Valverde, P.; Obin, M.S.; Taylor, A. Role of Gas6/Axl signaling in lens epithelial cell proliferation and survival.
Exp. Eye. Res. 2004, 78, 27–37. [CrossRef] [PubMed]

27. Willis, B.C.; Borok, Z. TGF-beta-induced EMT: Mechanisms and implications for fibrotic lung disease. Am. J.
Physiol. Lung Cell. Mol. Physiol. 2007, 293, L525–L534. [CrossRef]

28. Gonzalez, D.M.; Medici, D. Signaling mechanisms of the epithelial-mesenchymal transition. Sci. Signal. 2014,
7, re8. [CrossRef]

http://dx.doi.org/10.1164/rccm.200903-0322OC
http://dx.doi.org/10.1124/jpet.112.201814
http://dx.doi.org/10.1016/j.bcmd.2005.12.038
http://dx.doi.org/10.1074/jbc.270.11.5702
http://www.ncbi.nlm.nih.gov/pubmed/7890695
http://dx.doi.org/10.1182/blood-2009-06-228684
http://www.ncbi.nlm.nih.gov/pubmed/19965679
http://dx.doi.org/10.1002/1096-9861(20000918)425:2&lt;295::AID-CNE11&gt;3.0.CO;2-G
http://dx.doi.org/10.1016/j.coi.2010.10.001
http://dx.doi.org/10.1038/nri2303
http://dx.doi.org/10.1074/jbc.271.47.30022
http://dx.doi.org/10.1111/j.1538-7836.2005.01186.x
http://dx.doi.org/10.1074/jbc.272.37.23285
http://dx.doi.org/10.1016/j.cell.2007.10.034
http://www.ncbi.nlm.nih.gov/pubmed/18083102
http://dx.doi.org/10.1189/jlb.0909610
http://www.ncbi.nlm.nih.gov/pubmed/20103767
http://dx.doi.org/10.1074/jbc.M110.126748
http://www.ncbi.nlm.nih.gov/pubmed/20959443
http://dx.doi.org/10.1126/scisignal.2005864
http://www.ncbi.nlm.nih.gov/pubmed/25714463
http://www.ncbi.nlm.nih.gov/pubmed/24939420
http://dx.doi.org/10.1016/j.exer.2003.10.002
http://www.ncbi.nlm.nih.gov/pubmed/14667825
http://dx.doi.org/10.1152/ajplung.00163.2007
http://dx.doi.org/10.1126/scisignal.2005189


Cells 2019, 8, 643 16 of 17

29. Yoon, Y.S.; Lee, Y.J.; Choi, Y.H.; Park, Y.M.; Kang, J.L. Macrophages programmed by apoptotic cells inhibit
epithelial-mesenchymal transition in lung alveolar epithelial cells via PGE2, PGD2, and HGF. Sci. Rep. 2016,
6, 20992. [CrossRef]

30. Corti, M.; Brody, A.R.; Harrison, J.H. Isolation and primary culture of murine alveolar type II cells. Am. J.
Respir. Cell. Mol. Biol. 1996, 14, 309–315. [CrossRef]

31. Lee, Y.J.; Kim, M.J.; Yoon, Y.S.; Choi, Y.H.; Kim, H.S.; Kang, J.L. Simvastatin treatment boosts benefits of
apoptotic cell infusion in murine lung fibrosis. Cell Death Dis. 2017, 8, e2860. [CrossRef] [PubMed]

32. Nassar, M.; Tabib, Y.; Capucha, T.; Mizraji, G.; Nir, T.; Pevsner-Fischer, M.; Zilberman-Schapira, G.; Heyman, O.;
Nussbaum, G.; Bercovier, H.; et al. GAS6 is a key homeostatic immunological regulator of host-commensal
interactions in the oral mucosa. Proc. Natl. Acad. Sci. USA 2017, 114, E337–E346. [CrossRef] [PubMed]

33. Xu, J.; Lamouille, S.; Derynck, R. TGF-beta-induced epithelial to mesenchymal transition. Cell Res. 2009, 19,
156–172. [CrossRef] [PubMed]

34. Zhang, A.; Wang, M.H.; Dong, Z.; Yang, T. Prostaglandin E2 is a potent inhibitor of epithelial-to-mesenchymal
transition: Interaction with hepatocyte growth factor. Am. J. Physiol. Renal Physiol. 2006, 291, F1323–F1331.
[CrossRef]

35. Takai, E.; Tsukimoto, M.; Kojima, S. TGF-beta1 downregulates COX-2 expression leading to decrease of PGE2
production in human lung cancer A549 cells, which is involved in fibrotic response to TGF-beta1. PLoS ONE
2013, 8, e76346. [CrossRef]

36. Angelillo-Scherrer, A.; de Frutos, P.; Aparicio, C.; Melis, E.; Savi, P.; Lupu, F.; Arnout, J.; Dewerchin, M.;
Hoylaerts, M.; Herbert, J.; et al. Deficiency or inhibition of Gas6 causes platelet dysfunction and protects
mice against thrombosis. Nat. Med. 2001, 7, 215–221. [CrossRef]

37. Angelillo-Scherrer, A.; Burnier, L.; Flores, N.; Savi, P.; DeMol, M.; Schaeffer, P.; Herbert, J.M.; Lemke, G.;
Goff, S.P.; Matsushima, G.K.; et al. Role of Gas6 receptors in platelet signaling during thrombus stabilization
and implications for antithrombotic therapy. J. Clin. Investig. 2005, 115, 237–246. [CrossRef]

38. Keating, A.K.; Kim, G.K.; Jones, A.E.; Donson, A.M.; Ware, K.; Mulcahy, J.M.; Salzberg, D.B.; Foreman, N.K.;
Liang, X.; Thorburn, A.; et al. Inhibition of Mer and Axl receptor tyrosine kinases in astrocytoma cells leads
to increased apoptosis and improved chemosensitivity. Mol. Cancer Ther. 2010, 9, 1298–1307. [CrossRef]

39. Larsson, O.; Diebold, D.; Fan, D.; Peterson, M.; Nho, R.S.; Bitterman, P.B.; Henke, C.A. Fibrotic myofibroblasts
manifest genome-wide derangements of translational control. PLoS ONE 2008, 3, e3220. [CrossRef]

40. White, E.S.; Lazar, M.H.; Thannickal, V.J. Pathogenetic mechanisms in usual interstitial pneumonia/idiopathic
pulmonary fibrosis. J. Pathol. 2003, 201, 343–354. [CrossRef]

41. Lee, H.J.; Jeng, Y.M.; Chen, Y.L.; Chung, L.; Yuan, R.H. Gas6/Axl pathway promotes tumor invasion through
the transcriptional activation of Slug in hepatocellular carcinoma. Carcinogenesis 2014, 35, 769–775. [CrossRef]

42. Yanagita, M.; Arai, H.; Ishii, K.; Nakano, T.; Ohashi, K.; Mizuno, K.; Varnum, B.; Fukatsu, A.; Doi, T.; Kita, T.
Gas6 regulates mesangial cell proliferation through Axl in experimental glomerulonephritis. Am. J. Pathol.
2001, 158, 1423–1432. [CrossRef]

43. Melaragno, M.G.; Wuthrich, D.A.; Poppa, V.; Gill, D.; Lindner, V.; Berk, B.C.; Corson, M.A. Increased
expression of Axl tyrosine kinase after vascular injury and regulation by G protein-coupled receptor agonists
in rats. Circ. Res. 1998, 83, 697–704. [CrossRef]

44. Stenhoff, J.; Dahlback, B.; Hafizi, S. Vitamin K-dependent Gas6 activates ERK kinase and stimulates growth
of cardiac fibroblasts. Biochem. Biophys. Res. Commun. 2004, 319, 871–878. [CrossRef]

45. Espindola, M.S.; Habiel, D.M.; Narayanan, R.; Jones, I.; Coelho, A.L.; Murray, L.A.; Jiang, D.; Noble, P.W.;
Hogaboam, C.M. Targeting of TAM Receptors Ameliorates Fibrotic Mechanisms in Idiopathic Pulmonary
Fibrosis. Am. J. Respir. Crit. Care. Med. 2018, 197, 1443–1456. [CrossRef]

46. Urawa, M.; Kobayashi, T.; D’Alessandro-Gabazza, C.N.; Fujimoto, H.; Toda, M.; Roeen, Z.; Hinneh, J.A.;
Yasuma, T.; Takei, Y.; Taguchi, O.; et al. Protein S is protective in pulmonary fibrosis. J. Thromb. Haemost.
2016, 14, 1588–1599. [CrossRef]

47. Nguyen, K.Q.; Tsou, W.I.; Calarese, D.A.; Kimani, S.G.; Singh, S.; Hsieh, S.; Liu, Y.; Lu, B.; Wu, Y.; Garforth, S.J.;
et al. Overexpression of MERTK receptor tyrosine kinase in epithelial cancer cells drives efferocytosis in a
gain-of-function capacity. J. Biol. Chem. 2014, 289, 25737–25749. [CrossRef]

48. Graham, D.K.; Bowman, G.W.; Dawson, T.L.; Stanford, W.L.; Earp, H.S.; Snodgrass, H.R. Cloning and
developmental expression analysis of the murine c-mer tyrosine kinase. Oncogene 1995, 10, 2349–2359.

http://dx.doi.org/10.1038/srep20992
http://dx.doi.org/10.1165/ajrcmb.14.4.8600933
http://dx.doi.org/10.1038/cddis.2017.260
http://www.ncbi.nlm.nih.gov/pubmed/28594406
http://dx.doi.org/10.1073/pnas.1614926114
http://www.ncbi.nlm.nih.gov/pubmed/28049839
http://dx.doi.org/10.1038/cr.2009.5
http://www.ncbi.nlm.nih.gov/pubmed/19153598
http://dx.doi.org/10.1152/ajprenal.00480.2005
http://dx.doi.org/10.1371/journal.pone.0076346
http://dx.doi.org/10.1038/84667
http://dx.doi.org/10.1172/JCI22079
http://dx.doi.org/10.1158/1535-7163.MCT-09-0707
http://dx.doi.org/10.1371/journal.pone.0003220
http://dx.doi.org/10.1002/path.1446
http://dx.doi.org/10.1093/carcin/bgt372
http://dx.doi.org/10.1016/S0002-9440(10)64093-X
http://dx.doi.org/10.1161/01.RES.83.7.697
http://dx.doi.org/10.1016/j.bbrc.2004.05.070
http://dx.doi.org/10.1164/rccm.201707-1519OC
http://dx.doi.org/10.1111/jth.13362
http://dx.doi.org/10.1074/jbc.M114.570838


Cells 2019, 8, 643 17 of 17

49. Linger, R.M.; Keating, A.K.; Earp, H.S.; Graham, D.K. TAM receptor tyrosine kinases: Biologic functions,
signaling, and potential therapeutic targeting in human cancer. Adv. Cancer Res. 2008, 100, 35–83.

50. Keating, A.K.; Salzberg, D.B.; Sather, S.; Liang, X.; Nickoloff, S.; Anwar, A.; Deryckere, D.; Hill, K.; Joung, D.;
Sawczyn, K.K.; et al. Lymphoblastic leukemia/lymphoma in mice overexpressing the Mer (MerTK) receptor
tyrosine kinase. Oncogene 2006, 25, 6092–6100. [CrossRef]

51. Verma, A.; Warner, S.L.; Vankayalapati, H.; Bearss, D.J.; Sharma, S. Targeting Axl and Mer kinases in cancer.
Mol. Cancer Ther. 2011, 10, 1763–1773. [CrossRef] [PubMed]

52. Vajkoczy, P.; Knyazev, P.; Kunkel, A.; Capelle, H.H.; Behrndt, S.; von Tengg-Kobligk, H.; Kiessling, F.;
Eichelsbacher, U.; Essig, M.; Read, T.A.; et al. Dominant-negative inhibition of the Axl receptor tyrosine
kinase suppresses brain tumor cell growth and invasion and prolongs survival. Proc. Natl. Acad. Sci. USA
2006, 103, 5799–5804. [CrossRef] [PubMed]

53. Holland, S.J.; Powell, M.J.; Franci, C.; Chan, E.W.; Friera, A.M.; Atchison, R.E.; McLaughlin, J.; Swift, S.E.;
Pali, E.S.; Yam, G.; et al. Multiple roles for the receptor tyrosine kinase axl in tumor formation. Cancer Res.
2005, 65, 9294–9303. [CrossRef] [PubMed]

54. Paolino, M.; Penninger, J.M. The Role of TAM Family Receptors in Immune Cell Function: Implications for
Cancer Therapy. Cancers 2016, 8, 97. [CrossRef] [PubMed]

55. Bosurgi, L.; Bernink, J.H.; Delgado Cuevas, V.; Gagliani, N.; Joannas, L. Paradoxical role of the proto-oncogene
Axl and Mer receptor tyrosine kinases in colon cancer. Proc. Natl. Acad. Sci. USA 2013, 110, 13091–13096.
[CrossRef] [PubMed]

56. Akitake-Kawano, R.; Seno, H.; Nakatsuji, M.; Kimura, Y.; Nakanishi, Y.; Yoshioka, T.; Kanda, K.; Kawada, M.;
Kawada, K.; Sakai, Y.; et al. Inhibitory role of Gas6 in intestinal tumorigenesis. Carcinogenesis 2013, 34,
1567–1574. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.onc.1209633
http://dx.doi.org/10.1158/1535-7163.MCT-11-0116
http://www.ncbi.nlm.nih.gov/pubmed/21933973
http://dx.doi.org/10.1073/pnas.0510923103
http://www.ncbi.nlm.nih.gov/pubmed/16585512
http://dx.doi.org/10.1158/0008-5472.CAN-05-0993
http://www.ncbi.nlm.nih.gov/pubmed/16230391
http://dx.doi.org/10.3390/cancers8100097
http://www.ncbi.nlm.nih.gov/pubmed/27775650
http://dx.doi.org/10.1073/pnas.1302507110
http://www.ncbi.nlm.nih.gov/pubmed/23878224
http://dx.doi.org/10.1093/carcin/bgt069
http://www.ncbi.nlm.nih.gov/pubmed/23430954
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents 
	Culture of Cell Lines 
	Incubation of ECs 
	Isolation and Culture of Primary AT II Cells 
	Transient Transfections 
	Immunoblot Analysis 
	Quantitative Real-Time PCR (qPCR) 
	Migration and Invasion Assays 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Statistical Analysis 

	Results 
	Gas6 Inhibits TGF-1-Induced EMT in Lung and Kidney ECs 
	Gas6 Inhibits Non-Smad TGF-1 Signalling and EMT-Regulating Transcription Factor Expression 
	Gas6 Enhances COX-2-Derived Production of PGE2, PGD2, and Their Receptors 
	COX-2-Derived PGE2 and PGD2 Secretion by Gas6 Treatment Inhibits EMT 
	Axl and Mer Receptor Tyrosine Kinases are Involved in Anti-EMT Effects of Gas6 in LA-4 ECs 
	Gas6 Inhibits TGF-1-Induced Migration and Invasion in ATII Cells 

	Discussion 
	Conclusions 
	References

