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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic and usually progressive lung disease and
the epithelial-mesenchymal transition (EMT) may play an important role in the pathogenesis
of pulmonary fibrosis. IL-17 is a proinflammatory cytokine which promotes EMT profiles in
lung inflammatory diseases. In this study, we investigated the effect of IL-17 on EMT in alve-
olar epithelial cell line A549 and the role of TGFB1-Smad and ERK signaling pathways in the
process. Morphological observation on the cells was performed under inverted microscope.
The mRNA and protein expressions of E-cad and a-SMA were detected by quantitative RT-
PCR and western blotting. The mRNA and protein expressions of TGF-31 were analyzed
via quantitative RT-PCR and ELISA. Expressions of Smad2/3, p-Smad2/3, ERK1/2, p-
ERK1/2 and p-JNK were examined by western blotting. The results indicated that IL-17 can
induce A549 cells to undergo morphological changes and phenotypic markers changes,
such as down-regulated E-cad expression and up-regulated a-SMA expression. Addition-
ally, IL-17 enhanced TGF-B1 expression and stimulated Smad2/3 and ERK1/2 phosphoryla-
tion in A549 cells. However, there were no significant differences in the expression of
phosphorylated JNK in A549 cells with or without IL-17 treatment. SB431542 or U0126
treated cells showed inhibited morphological changes and phenotypic markers expression,
such as up-regulated E-cad expression and down-regulated a-SMA expression. In sum-
mary, our results suggest that IL-17 can induce A549 alveolar epithelial cells to undergo
EMT via the TGF-B1 mediated Smad2/3 and ERK1/2 activation.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a specific form of chronic, progressive fibrosing intersti-
tial pneumonia of unknown cause [1]. Its prognosis is devastating and lung transplantation is
the only curative therapy [2]. The pathogenic mechanisms are unclear, but a growing body of
evidence indicates that the disease is the result of an abnormal behaviour of the alveolar epithe-
lial cells and the epithelial-mesenchymal transition (EMT) may play an important role in the
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pathogenesis of pulmonary fibrosis [3]. EMT is a process when epithelial cells gradually trans-
form into mesenchymal-like cells losing their epithelial functionality and characteristics [4].
During this process, epithelial cells lose their characteristic cell-cell adhesion structures,
change their polarity and cell-cell adhesion structures, and acquire a mesenchymal phenotype
including a morphological transition from a cobblestone-like epithelial phenotype to a spin-
dle-like mesenchymal phenotype, which is accompanied by the markers changes, such as the
decreased expression of epithelial markers E-cadherin and the increased expression of mesen-
chymal markers o-SMA [5].

Previous studies have identified a number of chemokines, cytokines, and growth factors
mediating EMT in pulmonary fibrosis, such as TGF-B1 [6] and IL-17 [7], which are essential
for the development of pulmonary fibrosis. IL-17 is family of proinflammatory cytokines
which is composed of six similar members including IL-17A (the first described IL-17), IL-
17B,IL-17C, IL-17D, IL-17E and IL-17F. Although IL-17A is expressed by adaptive- and
immune-cell types, including CD8+ T-cells, Y3 T-cells, natural killer T-cells and innate lym-
phoid cells, Th17 cells were thought as a major source of IL-17A [8]. Currently, there is emerg-
ing evidence that IL-17 is involved in the pathogenesis of pulmonary fibrosis [7, 9]. Vittal et al
[7] found that IL-17-mediated col(V) expression and EMT may occur via TGF-f1-dependent
pathways in obliterative bronchiolitis. Moreover, Mi et al [9] found that IL-17A antagonism
inhibited chronic inflammation and pulmonary fibrosis in a TGF-f1-dependent manner.

TGEF-B1 is a pleiotropic factor that has been indentified as a potent driver of the EMT dur-
ing embryonic development, wound healing, fibrotic diseases, and cancer pathogenesis [10].
TGF-B1 is known to stimulate the EMT through two main pathways: the canonical Smad-
dependent pathway and a non-Smad signaling pathway. Smad family are important intracellu-
lar mediators of TGFp signaling, however, it’s unclear whether they participate in exerting IL-
17-induced EMT. Additionally, the activated receptors may also signal through other signal
transducers, for example, the mitogen-activated protein kinase (MAPK) pathways, including
the extracellular signal regulated kinases (ERKSs), c-Jun amino terminal kinase (JNK) and p38
MAPK [11]. Moreover, it is becoming increasingly evident that ERK signaling pathway is
implicated in chronic fibroproliferative diseases. For instance, Chen et al [12] found that TGF-
B1l-mediated renal fibrosis relies on ERK signaling pathways activation. Tan et al [13] sug-
gested that IL-17A-dependent hepatic stellate cell activation and collagen expression through
ERK1/2 signaling provide a mechanism of fibrogenesis. For instance, Chen et al [12] found
that TGF-B1-mediated renal fibrosis relies on ERK signaling pathways activation. Tan et al
[13] suggested that IL-17A-dependent hepatic stellate cell activation and collagen expression
through ERK1/2 signaling provide a mechanism of fibrogenesis. However, little is known
about the role of ERK pathway in IL-17-induced pulmonary fibrosis.

Taken together, we hypothesized that IL-17 may induce EMT in lung epithelial cells
through TGF-B1 mediated Smad or ERK signaling pathway. In this study we aimed to investi-
gate the role of Smad and ERK signaling pathways in EMT induced by IL-17 to identify possi-
ble targets for the treatment of pulmonary fibrosis.

Materials and methods
Cell culture and preparation

A549, the human alveolar epithelial cell line, was purchased from the the Type Culture Collec-
tion of the Chinese Academy of Sciences, Shanghai, China. A549 cells were cultured in RPMI-
1640 (Hycolne, Logan, UT, USA) containing 10% heat-inactivated fetal bovine serum (FBS,
Sciencell, San Diego, California, USA) and 1% antibiotics (100 u/ml penicillin and 100 pg/ml
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streptomycin) at 37°C in a humidified atmosphere of 5% CO?2 in air. Cell cultures were rou-
tinely split when 85-90% confluent.

3 x 10” cells were seeded into 6-well plates in RMPI-1640 containing 10% FBS. To induce
EMT, cells were incubated with IL-17 (Peprotech, Rocky Hill, NJ, USA) at a final concentra-
tion of 100 ng/ml for 48 h. In the untreated controls RMPI-1640 medium was added. Cells
were cultured for up to 48 h. To investigate the potential pathways that might be involved in
TGEF-B1 signaling with respect to EMT induced by IL-17, cells were preincubated for 1 h with
a TGEF-B receptor type I kinase inhibitor SB431542 (Selleckchem, Houston, Texas, USA) at
10 uM or an ERK inhibitor U0126 (Selleckchem) at 10 uM before treatment with exogenous
IL-17.

Quantitative RT-PCR

Total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions. RNA was then used to synthesize the cDNA with the Prime Script RT
Reagent Kit (TaKaRa, Dalian, China) following the manufacturer’s instructions. The cDNA
was used as a template for real-time PCR analysis: reactions were carried out in a CFX96 sys-
tem (BioRad). The amplification program performed by the manufacturer’s instructions,

as follows: 2 min. at 95°C, and then 40 cycles of 5 sec. at 95°C and 30 sec. at 60°C. Relative
mRNA levels of the target genes were normalized to GAPDH mRNA expression and analyzed
by the 244" method. The sequences of specific primers were listed as follows: E-cadherin:
forward,5’ - TTCTTCGGAGGAGAGCGG-3" ,reverse,5’ ~CAATTTCATCGGGATTGGC-3’;
0-SMA: forward,5’ ~-CTATGCCTCTGGACGCACAAC-3" ,reverse,5’ ~CCCATCAGGCAACTC
GTAACTC-3’;TGF-Bl:forward,5’ ~-CAGCAACAATTCCTGGCGATA-3’ ,reverse,5’ —GCT
AAGGCGAAAGCCCTCAAT-3' ;GAPDH:forward,5’ ~-GGTCGGAGTCAACGGATTTG-3",
reverse,5’ ~GGAAGATGGTGATGGGATTTC-3".

Western blotting analysis

Harvested cells were washed twice with cold PBS and then lysed using RIPA buffer (Beyotime,
Shanghai, China) containing a protease inhibitor cocktail (Selleck, Shanghai, China). The
lysates were centrifuged for 15 min at 12,000xg at 4°C and the supernatant was collected. The
supernatant was boiled for 5 min and then separated by 10% SDS-PAGE gels. The proteins
were transferred to a PVDF membrane (Millipore, Bedford, MA, USA), blocked with 5% milk,
and incubated overnight with E-cadherin (Abcam, Cambridge, MA, USA), a-SMA (Abcam),
TGF-B1 (Abcam), phosphorylated ERK1/2 (Cell Signaling Technology, Boston, USA), ERK1/2
(Cell Signaling Technology), phosphorylated Smad2/3 (Cell Signaling Technology), Smad2/3
(Cell Signaling Technology) and phosphorylated JNK (Cell Signaling Technology). Membrane
was then washed three times in TBST and incubated with peroxidase-labelled secondary anti-
bodies (Boster, Inc., Wuhan, China) for 2 h at room temperature. Following three washes in
TBST, bands were visualized by western electrochemiluminescence (ECL) kit (Tanon, Shain-
ghai, China) and then exposed to X-ray film. The band densities were quantified using the
AlphaFaseFC image analyzer system (Alpha Innotech, Inc., CA, USA) and the results were
expressed as ratio of band density to total GAPDH.

Enzyme-linked immunosorbent assay (ELISA)

The cell culture medium was centrifuged to remove cellular debris and the culture superrna-
tant was collected. TGF-B1 protein levels were performed with a Human TGF-f1 ELISA Kit
(Abcam) following the manufacturer’s instructions.
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Statistical analyses

All data were analyzed by SPSS (version 20.0) and expressed as means + SEM of at least three
independent experiments. One-way ANOVA was used for multiple comparisons. Student’s ¢-
test was used for pairwise comparisons between two groups. P<0.05 was considered statisti-
cally significant.

Results

IL-17 induced alveolar epithelial cells to undergo EMT

The normal A549 cells displayed typical cobblestone-like morphology by inverted microscope,
while IL-17-treated A549 cells showed spindle-shaped morphology (Fig 1A). To characterize
the morphological changes stimulated by IL-17, we investigated the expression of phenotypic
markers in A549 cells by Quantitative RT-PCR analysis. It was found that IL-17-treated A549
cells show decreased expression of E-cadherin—an epithelial marker and increased expression
of a-SMA-a mesenchymal marker, compared to control cells (Fig 1B and S1 Fig). In addition,
similar results were confirmed by western blotting (Fig 1C). These results suggest that IL-17
initiated A549 cells to undergo EMT.

IL-17 enhanced TGF-B1 expression

We examined TGF-B1 expression to assess its role in EMT initiated by IL-17. We found that
IL-17-treated A549 cells showed up-regulated TGF-B1 expression in mRNA and protein level
(Fig 2A and 2B), accompany with increased levels of phosphorylated Smad2/3 and phosphory-
lated ERK1/2 in protein level. However, there were no significant differences in the expression
of phosphorylated JNK in A549 cells with or without IL-17 treatment (Fig 2C). These results
suggest that IL-17 can not only increase TGF-B1 expression, but also enhance Smad2/3 and
ERK1/2 activity.

Effects of Smad2/3 and ERK1/2 Inhibitors on IL-17- initiated EMT

In order to elucidate the role of the signaling pathways in IL-17-initiated EMT, we analyzed
Smad and ERK pathways with pharmacological inhibitors. SB431542 is a potent and specific
inhibitor of TGF superfamily type I activin receptor-Likekinase (ALK) receptors ALK4, ALKS5,
and ALKY7 [14]. As shown in Fig 3D, pre-treatment with SB431542 signifcantly inhibited the
enhancement of TGF-f1 mRNA and protein levels. As shown in Fig 4, SB431542-treated A549
cells showed lower Smad2/3 phosphorylation comparable to IL-17-treated A549 cells. How-
ever, SB431542 pre-treatment had no effect on the phosphorylation of ERK1/2. Furthermore,
A549 cells treated with SB431542 together with IL-17 showed attenuated down-regulation of
E-cad expression and up-regulation of a-SMA expression compared with A549 cells treated
with IL-17 only (Fig 3). We also assessed ERK signaling pathways which might be involved in
IL-17-initiated EMT. Likewise, preincubating A549 cells with U0126, a selective inhibitor of
ERK pathway, also correspondingly altered ERK1/2 phosphorylation, TGF-B1, E-cad and o~
SMA expression comparable to the IL-17 treatment (Figs 3 and 4). Together, these results
demonstrate that both the Smad and ERK pathways are responsible for IL-17-induced EMT.

Discussion

Pulmonary fibrosis is a chronic and usually progressive lung disease characterized by the accu-
mulation of fibroblasts, myofibroblasts, collagen, and other extracellular matrix proteins in the
interstitium of the lung [15]. Myofibroblast is thought to be of significance in the propagation
of fibrosis with evolution to terminal end-stage fibrotic lung disease [16]. However, the origin
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Fig 1. IL-17 induced A549 cells to undergo EMT. The A549 cells were stimulated with IL-17 at a final concentration of 100 ng/ml for 48 h.
(A) Phase contrast analysis (magnification x200) of morphological changes detected in A549 cells. (B) Quantitative RT-PCR analysis of E-
cadherin and a-SMA mRNA expressions in A549 cells with or without IL-17 treatment for 48 h. (C) Western blotting analysis of E-cadherin
and a-SMA protein expressions in A549 cells with or without IL-17 treatment for 48 h. The histogram shows the average volume density
corrected for the loading control (GAPDH). **P<0.01.

https://doi.org/10.1371/journal.pone.0183972.9001

of these myofibroblasts in the airway layer is not entirely clear. Recently, a number of studies
have demonstrated that myofibroblast has been thought to derive from injured epithelial cells
in the process of EMT [17]. Furthermore, many studies have demonstrated the EMT may paly
a critical role in the development and progression of idiopathic pulmonary fibrosis [18, 19].
IL-17 is a newly discovered and proinflammatory cytokine which promotes EMT profiles
in lung inflammatory diseases, such as obliterative bronchiolitis [7] and COPD [20]. Addition-
ally, several studies have suggested that high expression of IL-17 is increasingly recognized as a
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Fig 2. IL-17 enhanced TGF-f1 expression. The A549 cells were stimulated with IL-17 at a final concentration of
100 ng/ml for 48 h. (A) Quantitative RT-PCR analysis of TGF-B1 mRNA expression with or without IL-17 treatment
for 48 h. (B) ELISA analysis of TGF-B1 protein expression in the culture medium with or without IL-17 treatment for
48 h. (C) Western blotting analysis of p-Smad2/3, p-ERK1/2 and p-JNK in A549 cells with or without IL-17 treatment
for 48 h. The histogram shows the average volume density corrected for the loading control (GAPDH). ** P<0.01, #
P>0.05.

https://doi.org/10.1371/journal.pone.0183972.9002

potential key in the progression of fibrosis in many major organs such as heart [21], kidney
[22] and liver [23]. Of note, cumulative evidence has suggested that IL-17 is closely associated
with EMT in IPF [7, 9]. In human IPF, IL-17 expression is increased in the bronchoalveolar
lavage fluid compared to patients without IPF [24]. These findings point to an important role
of IL-17 in pulmonary fibrosis. However, little is known regarding the role of IL-17 in the reg-
ulation of EMT and the underlying mechanisms. To investigate whether IL-17 can induce
EMT in lung epithelial cells, A549 alveolar epithelial cell line were cultured in the presence of
IL-17 as a model to simulate IPF. As expected, we observed morphological changes from a
cobblestone-like epithelial phenotype to a spindle-like mesenchymal phenotype in A549 cells
after IL-17 exposure. Moreover, quantitative RT-PCR and western blotting analyses revealed
IL-17 treatment can also change the EMT phenotypic markers in A549 cells, such as down-
regulated E-cad expression and up-regulated a-SMA expression compared with controls,
which is consistent with the studies conducted in A549 cells [25, 26]. As a result, our data dem-
onstrated that IL-17 can induce EMT in A549 cells. However, the underlying mechanisms of
the effects of IL-17 on EMT have not been clearly elucidated. Of note, IL-17 was found to
enhance TGF-B1 expression. Meng et al [23] found that IL-17 signaling facilitates production
of IL-6, IL-1PB, and TNF-a by inflammatory cells, and increases the expression of TGF-f1, the
major pro-fibrogenic cytokine. Furthermore, Okamoto et al [27] demonstrated that a skin
fibroblast cell line expressed increased TGF-B, CTGF and collagen after the addition of recom-
binant IL-17 and IL-17 deficiency also attenuated skin thickness in TSK-1 mice. Our results
are in accordance with these results that IL-17 exposure can enhance TGF-B1 expression.
However, the roles of TGF-B1 signaling pathway in the IL-17-mediated EMT remain to be
fully understood.

TGEF-P1 is a pleiotropic cytokine that has a crucial role in many aspects of the lung fibrotic
response and has long been believed to be a central mediator of this response [28]. Important
intracellular mediators of TGFp signaling are members of the Smad family which have key
roles in exerting TGFB-induced EMT. TGF isoforms exert their cellular effects by binding to
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Fig 3. Effects of Smad and ERK inhibitors on IL-17-initiated EMT. SB431542: Smad inhibitor; U0126:
ERK inhibitor. (A) Phase contrast analysis (magnification x200) of morphological changes detected in A549
cells. (B) Quantitative RT-PCR analysis of E-cadherin and a-SMA mRNA expressions. (C) Western blotting
analysis of E-cadherin and a-SMA protein expressions in A549 cells. The histogram shows the average
volume density corrected for the loading control (GAPDH). (D) Quantitative RT-PCR analysis of TGF-31
mRNA expression in A549 cells and ELISA analysis of TGF-f1 protein expression in the culture medium.
**P<0.01,*P<0.05.

https://doi.org/10.1371/journal.pone.0183972.g003

the TGF-B type II receptor (TBRII), and this binding facilitates activation of TGF-f type I
receptor (TBRI) kinase, which leads to the activation of Smad2 and Smad3. Phosphorylated
Smads partner with cytosolic Smad4 and form a heteromeric Smad complex, which translo-
cates to the nucleus where they cooperate with other transcription factors, co-activators and
co-repressors to regulate the transcription of specific genes [29-31]. Xu et al [32] found that
TGEF-B1 induced A549 cells EMT through Smad activation. Given the role of the Smad signal-
ing pathway in TGF- family signaling, IL-17 may induce EMT through TGF-B/Smad signal-
ing pathway. To address this assumption, we conducted studies with A549 cells to assess the
impact of expression of phosphorylated Smad2/3 and total Smad2/3 during EMT stimulated
by IL-17. Indeed, we found that IL-17 treatment signifcantly increased the phosphorylation of
Smad2/3 in A549 cells. However, IL-17 treatment did not affact the expression of total Smad2/
3 in A549 cells. It suggested that Smad2/3 pathway involved in the process of EMT stimulated
by IL-17. To further elucidate the role of Smad pathway in EMT initiated by IL-17, SB431542,
a potent and specific inhibitor of TBRI kinases (ALK-4,-5,-7), was used to inhibit IL-17-
induced phosphorylation of Smad2/3 in A549 cells. We found that treatment of A549 cells
with SB431542 can inhibit morphological changes and phenotypic markers expression, such
as up-regulated E-cad expression and down-regulated o-SMA expression. Taken together,

— — — —
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Fig 4. Effects of Smad and ERK inhibitors on Smad and ERK signaling pathways. SB431542: Smad inhibitor;
U0126: ERK inhibitor. (A) Western blotting analysis of Smad2/3 and p-Smad2/3 protein expressions in A549 cells.
The histogram shows the average volume density corrected for the loading control (GAPDH). (B) Western blotting
analysis of ERK1/2 and p-ERK1/2 protein expressions in A549 cells. The histogram shows the average volume
density corrected for the loading control (GAPDH). **P<0.01,#P>0.05.

https://doi.org/10.1371/journal.pone.0183972.g004
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these observations provide compelling evidence to further support our emerging view that IL-
17 induces A549 alveolar epithelial cells to undergo EMT via the TGF-B1 mediated Smad2/3
activation.

Additionally, TGF-B1 can also activate non-Smad signaling pathway [33], such as the
MAPK signaling cascade including ERK1/2, JNK and p38 kinase. Of note, ERK1/2 signaling
pathway has a sophisticated and intimate relationship with the TGF-B1 system in regulating
tumorigenesis [34]. Moreover, ERK1/2 activity has been considered to be a prerequisite for
TGF-B1-mediated EMT in vitro [35]. Human lung biopsy samples show increased ERK1/2 sig-
naling in IPF samples compared with normal lungs [36]. Madala et al [37]demonstrated that
inhibition of the MEK/ERK pathway in vivo attenuated the progression of fibrosis and physio-
logic alterations in lung mechanics. Therefore, we also conducted studies to explore the role of
ERK pathway in the IL-17-mediated EMT. Like the Smad2/3, enhanced ERK phosphorylation
can be consistently detected in A549 cells after IL-17 stimulation. Furthermore, treatment of
A549 cells with U0126, an ERK1/2 inhibitor, inhibited corresponding morphological changes
and phenotypic markers expression in A549 cells. Therefore, our data support that IL-17
enhances ERK1/2 activity, and by which they promote A549 cells EMT during the course of
IPF, which is consistent with the studies conducted in bronchial epithelial cells [38]. Finally,
these results support the hypothesis that IL-17-mediated EMT may occur via the induction of
TGF-B1 and associated signaling pathways, such as Smad2/3 and ERK1/2 signaling pathways.

In conclusion, this study has shown that IL-17 can induce A549 alveolar epithelial cells to
undergo EMT via the TGF-B1 mediated Smad2/3 and ERK1/2 activation. This results not only
provide new insights into the cellular mechanisms that mediate EMT in human lung epithelial
cells, but also bear the potential novel treatment targets that could benefit patients by reducing
pulmonary fibrosis and leading to an improved prognosis.

Supporting information

S1 Fig. IL-17 induced EMT in A549 cells. (A) A549 cells were treated with various concentra-
tions IL-17 (0, 10, 25, 50, 100 ng/ml) for 48 h and E-cad mRNA levels were examined by Quan-
titative RT-PCR (normalized to GAPDH mRNA levels). (B) A549 cells were treated with
various concentrations IL-17 (0, 10, 25, 50, 100 ng/ml) for 48 h and a-SMA mRNA levels were
examined by Quantitative RT-PCR (normalized to GAPDH mRNA levels). (C) A549 cells
were treated without or with 100 ng/ml IL-17 for different periods of time (0, 12, 24, 48 h) and
E-cad mRNA levels were examined by Quantitative RT-PCR (normalized to GAPDH mRNA
levels). (D) A549 cells were treated without or with 100 ng/ml IL-17 for different periods of
time (0, 12, 24, 48 h) and o-SMA mRNA levels were examined by Quantitative RT-PCR (nor-
malized to GAPDH mRNA levels). **P<0.01,#P>0.05.

(TIF)

Author Contributions

Data curation: Ting Wang.

Formal analysis: Zhen-Shun Cheng.
Investigation: Ting Wang.
Methodology: Ting Wang, Yuan Liu.
Software: Yuan Liu, Jing-Feng Zou.

Supervision: Zhen-Shun Cheng.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183972  September 5, 2017 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183972.s001
https://doi.org/10.1371/journal.pone.0183972

@° PLOS | ONE

Interleukin-17 and EMT

Writing - original draft: Ting Wang.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, et al. An official ATS/ERS/JRS/ALAT
statement: idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis and management[J].
Am J Respir Crit Care Med, 2011, 183(6): 788—824. https://doi.org/10.1164/rccm.2009-040GL PMID:
21471066

Borensztajn K, Crestani B, Kolb M. Idiopathic pulmonary fibrosis: from epithelial injury to biomarkers—
insights from the bench side[J]. Respiration, 2013, 86(6): 441-452. https://doi.org/10.1159/000357598
PMID: 24356558

King TE Jr, Pardo A, Selman M. Idiopathic pulmonary fibrosis[J]. Lancet, 2011, 378(9807): 1949-
1961.

Bartis D, Mise N, Mahida RY, Eickelberg O, Thickett DR. Epithelial-mesenchymal transition in lung
development and disease: does it exist and is it important?[J]. Thorax, 2014, 69(8): 760-765. https://
doi.org/10.1136/thoraxjnl-2013-204608 PMID: 24334519

Klymkowsky MW, Savagner P. Epithelial-mesenchymal transition: a cancer researcher’s conceptual
friend and foe[J]. Am J Pathol, 2009, 174(5): 1588—1593. https://doi.org/10.2353/ajpath.2009.080545
PMID: 19342369

DongZ, TaiW, Lei W, Wang Y, Li Z, Zhang T. IL-27 inhibits the TGF-beta1-induced epithelial-mesen-
chymal transition in alveolar epithelial cells[J]. BMC Cell Biol, 2016, 17: 7. https://doi.org/10.1186/
$12860-016-0084-x PMID: 26932661

Vittal R, Fan L, Greenspan DS, Mickler EA, Gopalakrishnan B, Gu H, et al. IL-17 induces type V colla-
gen overexpression and EMT via TGF-beta-dependent pathways in obliterative bronchiolitis[J]. Am J

Physiol Lung Cell Mol Physiol, 2013, 304(6): L401—414. hitps://doi.org/10.1152/ajplung.00080.2012

PMID: 23262228

Gu C, Wu L, Li X. IL-17 family: cytokines, receptors and signaling[J]. Cytokine, 2013, 64(2): 477—-485.
https://doi.org/10.1016/j.cyto.2013.07.022 PMID: 24011563

Mi S, LiZ, Yang HZ, Liu H, Wang JP, Ma YG, et al. Blocking IL-17A promotes the resolution of pulmo-
nary inflammation and fibrosis via TGF-beta1-dependent and -independent mechanisms[J]. J Immunol,
2011, 187(6): 3003—3014. https://doi.org/10.4049/jimmunol.1004081 PMID: 21841134

Yang J, Weinberg RA. Epithelial-mesenchymal transition: at the crossroads of development and tumor
metastasis[J]. Dev Cell, 2008, 14(6): 818-829. https://doi.org/10.1016/j.devcel.2008.05.009 PMID:
18539112

Zhang YE. Non-Smad Signaling Pathways of the TGF-beta Family[J]. Cold Spring Harb Perspect Biol,
2017, 9(2).

Chen J, Chen JK, Nagai K, Plieth D, Tan M, Lee TC, et al. EGFR signaling promotes TGFbeta-depen-
dent renal fibrosis[J]. J Am Soc Nephrol, 2012, 23(2): 215-224. https://doi.org/10.1681/ASN.
2011070645 PMID: 22095949

Tan Z, Qian X, Jiang R, Liu Q, Wang Y, Chen C, et al. IL-17A plays a critical role in the pathogenesis of
liver fibrosis through hepatic stellate cell activation[J]. J Immunol, 2013, 191(4): 1835-1844. https://doi.
org/10.4049/jimmunol. 1203013 PMID: 23842754

Inman GJ, Nicolas FJ, Callahan JF, Harling JD, Gaster LM, Reith AD, et al. SB431542 is a potent and
specific inhibitor of transforming growth factor-beta superfamily type | activin receptor-like kinase (ALK)
receptors ALK4, ALK5, and ALK7[J]. Mol Pharmacol, 2002, 62(1): 65—74. PMID: 12065756

Sime PJ. The antifibrogenic potential of PPARgamma ligands in pulmonary fibrosis[J]. J Investig Med,
2008, 56(2): 534-538. https://doi.org/10.2310/JIM.0b013e31816464e9 PMID: 18317437

Hinz B, Phan SH, Thannickal VJ, Galli A, Bochaton-Piallat ML, Gabbiani G. The myofibroblast: one
function, multiple origins[J]. Am J Pathol, 2007, 170(6): 1807—-1816. https://doi.org/10.2353/ajpath.
2007.070112 PMID: 17525249

Grgic |, Duffield JS, Humphreys BD. The origin of interstitial myofibroblasts in chronic kidney disease[J].
Pediatr Nephrol, 2012, 27(2): 183-193. https://doi.org/10.1007/s00467-011-1772-6 PMID: 21311912

Chapman HA. Epithelial-mesenchymal interactions in pulmonary fibrosis[J]. Annu Rev Physiol, 2011,
73: 413-435. https://doi.org/10.1146/annurev-physiol-012110-142225 PMID: 21054168

Kage H, Borok Z. EMT and interstitial lung disease: a mysterious relationship[J]. Curr Opin Pulm Med,
2012, 18(5): 517-523. hitps://doi.org/10.1097/MCP.0b013e3283566721 PMID: 22854509

Yang | A, Relan V, Wright CM, Davidson MR, Sriram KB, Savarimuthu Francis SM, et al. Common path-
ogenic mechanisms and pathways in the development of COPD and lung cancer[J]. Expert Opin Ther
Targets, 2011, 15(4): 439-456.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183972  September 5, 2017 10/11


https://doi.org/10.1164/rccm.2009-040GL
http://www.ncbi.nlm.nih.gov/pubmed/21471066
https://doi.org/10.1159/000357598
http://www.ncbi.nlm.nih.gov/pubmed/24356558
https://doi.org/10.1136/thoraxjnl-2013-204608
https://doi.org/10.1136/thoraxjnl-2013-204608
http://www.ncbi.nlm.nih.gov/pubmed/24334519
https://doi.org/10.2353/ajpath.2009.080545
http://www.ncbi.nlm.nih.gov/pubmed/19342369
https://doi.org/10.1186/s12860-016-0084-x
https://doi.org/10.1186/s12860-016-0084-x
http://www.ncbi.nlm.nih.gov/pubmed/26932661
https://doi.org/10.1152/ajplung.00080.2012
http://www.ncbi.nlm.nih.gov/pubmed/23262228
https://doi.org/10.1016/j.cyto.2013.07.022
http://www.ncbi.nlm.nih.gov/pubmed/24011563
https://doi.org/10.4049/jimmunol.1004081
http://www.ncbi.nlm.nih.gov/pubmed/21841134
https://doi.org/10.1016/j.devcel.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/18539112
https://doi.org/10.1681/ASN.2011070645
https://doi.org/10.1681/ASN.2011070645
http://www.ncbi.nlm.nih.gov/pubmed/22095949
https://doi.org/10.4049/jimmunol.1203013
https://doi.org/10.4049/jimmunol.1203013
http://www.ncbi.nlm.nih.gov/pubmed/23842754
http://www.ncbi.nlm.nih.gov/pubmed/12065756
https://doi.org/10.2310/JIM.0b013e31816464e9
http://www.ncbi.nlm.nih.gov/pubmed/18317437
https://doi.org/10.2353/ajpath.2007.070112
https://doi.org/10.2353/ajpath.2007.070112
http://www.ncbi.nlm.nih.gov/pubmed/17525249
https://doi.org/10.1007/s00467-011-1772-6
http://www.ncbi.nlm.nih.gov/pubmed/21311912
https://doi.org/10.1146/annurev-physiol-012110-142225
http://www.ncbi.nlm.nih.gov/pubmed/21054168
https://doi.org/10.1097/MCP.0b013e3283566721
http://www.ncbi.nlm.nih.gov/pubmed/22854509
https://doi.org/10.1371/journal.pone.0183972

@° PLOS | ONE

Interleukin-17 and EMT

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Valente AJ, Yoshida T, Gardner JD, Somanna N, Delafontaine P, Chandrasekar B. Interleukin-17A
stimulates cardiac fibroblast proliferation and migration via negative regulation of the dual-specificity
phosphatase MKP-1/DUSP-1[J]. Cell Signal, 2012, 24(2): 560-568. https://doi.org/10.1016/j.cellsig.
2011.10.010 PMID: 22037550

LiuL, Li FG, Yang M, Wang L, Chen Y, Wang L, et al. Effect of pro-inflammatory interleukin-17A on epi-
thelial cell phenotype inversion in HK-2 cells in vitro[J]. Eur Cytokine Netw, 2016, 27(2): 27-33. https://
doi.org/10.1684/ecn.2016.0373 PMID: 27478076

Meng F, Wang K, Aoyama T, Grivennikov Sl, Paik Y, Scholten D, et al. Interleukin-17 signaling in inflam-
matory, Kupffer cells, and hepatic stellate cells exacerbates liver fibrosis in mice[J]. Gastroenterology,
2012, 143(3): 765-776.e761-763. https://doi.org/10.1053/j.gastro.2012.05.049 PMID: 22687286

Wilson MS, Madala SK, Ramalingam TR, Gochuico BR, Rosas |0, Cheever AW, et al. Bleomycin and
IL-1beta-mediated pulmonary fibrosis is IL-17A dependent[J]. J Exp Med, 2010, 207(3): 535-552.
https://doi.org/10.1084/jem.20092121 PMID: 20176803

Huang Q, Han J, Fan J, Duan L, Guo M, Lv Z, et al. IL-17 induces EMT via Stat3 in lung adenocarci-
noma[J]. Am J Cancer Res, 2016, 6(2): 440-451. PMID: 27186414

GuK, Li MM, Shen J, Liu F, Cao JY, Jin S, et al. Interleukin-17-induced EMT promotes lung cancer cell
migration and invasion via NF-kappaB/ZEB1 signal pathway[J]. Am J Cancer Res, 2015, 5(3): 1169—
1179. PMID: 26045995

Okamoto Y, Hasegawa M, Matsushita T, Hamaguchi Y, Huu DL, Iwakura Y, et al. Potential roles of
interleukin-17A in the development of skin fibrosis in mice[J]. Arthritis Rheum, 2012, 64(11): 3726—
3735. https://doi.org/10.1002/art.34643 PMID: 22833167

XiaoL,DuY, ShenY, He Y, Zhao H, Li Z. TGF-beta 1 induced fibroblast proliferation is mediated by the
FGF-2/ERK pathwayl[J]. Front Biosci (Landmark Ed), 2012, 17: 2667-2674.

Brown KA, Pietenpol JA, Moses HL. A tale of two proteins: differential roles and regulation of Smad2
and Smad3 in TGF-beta signaling[J]. J Cell Biochem, 2007, 101(1): 9-33. https://doi.org/10.1002/jcb.
21255 PMID: 17340614

Zhang Y, Wang S, Liu S, Li C, Wang J. Role of Smad signaling in kidney disease[J]. Int Urol Nephrol,
2015, 47(12): 1965-1975. https://doi.org/10.1007/s11255-015-1115-9 PMID: 26433882

Heldin CH, Moustakas A. Role of Smads in TGFbeta signaling[J]. Cell Tissue Res, 2012, 347(1): 21—
36. https://doi.org/10.1007/s00441-011-1190-x PMID: 21643690

Xu J, Lamouille S, Derynck R. TGF-beta-induced epithelial to mesenchymal transition[J]. Cell Res,
2009, 19(2): 156—172. https://doi.org/10.1038/cr.2009.5 PMID: 19153598

Mu'Y, Gudey SK, Landstrom M. Non-Smad signaling pathways[J]. Cell Tissue Res, 2012, 347(1): 11—
20. https://doi.org/10.1007/s00441-011-1201-y PMID: 21701805

Wakefield LM, Roberts AB. TGF-beta signaling: positive and negative effects on tumorigenesis[J]. Curr
Opin Genet Dev, 2002, 12(1): 22-29. PMID: 11790550

Xie L, Law BK, Chytil AM, Brown KA, Aakre ME, Moses HL. Activation of the Erk pathway is required for
TGF-betal-induced EMT in vitro[J]. Neoplasia, 2004, 6(5): 603—610. https://doi.org/10.1593/neo.
04241 PMID: 15548370

Antoniou KM, Margaritopoulos GA, Soufla G, Symvoulakis E, Vassalou E, Lymbouridou R, et al.
Expression analysis of Akt and MAPK signaling pathways in lung tissue of patients with idiopathic pul-
monary fibrosis (IPF)[J]. J Recept Signal Transduct Res, 2010, 30(4): 262—269. https://doi.org/10.
3109/10799893.2010.489227 PMID: 20536315

Madala SK, Schmidt S, Davidson C, lkegami M, Wert S, Hardie WD. MEK-ERK pathway modulation
ameliorates pulmonary fibrosis associated with epidermal growth factor receptor activation[J]. Am J
Respir Cell Mol Biol, 2012, 46(3): 380-388. https://doi.org/10.1165/rcmb.2011-02370C PMID:
22021337

JiX, LiJ, XulL, Wang W, Luo M, Luo S, et al. IL4 and IL-17A provide a Th2/Th17-polarized inflammatory
milieu in favor of TGF-beta1 to induce bronchial epithelial-mesenchymal transition (EMT)[J]. Int J Clin
Exp Pathol, 2013, 6(8): 1481—-1492. PMID: 23923066

PLOS ONE | https://doi.org/10.1371/journal.pone.0183972  September 5, 2017 11/11


https://doi.org/10.1016/j.cellsig.2011.10.010
https://doi.org/10.1016/j.cellsig.2011.10.010
http://www.ncbi.nlm.nih.gov/pubmed/22037550
https://doi.org/10.1684/ecn.2016.0373
https://doi.org/10.1684/ecn.2016.0373
http://www.ncbi.nlm.nih.gov/pubmed/27478076
https://doi.org/10.1053/j.gastro.2012.05.049
http://www.ncbi.nlm.nih.gov/pubmed/22687286
https://doi.org/10.1084/jem.20092121
http://www.ncbi.nlm.nih.gov/pubmed/20176803
http://www.ncbi.nlm.nih.gov/pubmed/27186414
http://www.ncbi.nlm.nih.gov/pubmed/26045995
https://doi.org/10.1002/art.34643
http://www.ncbi.nlm.nih.gov/pubmed/22833167
https://doi.org/10.1002/jcb.21255
https://doi.org/10.1002/jcb.21255
http://www.ncbi.nlm.nih.gov/pubmed/17340614
https://doi.org/10.1007/s11255-015-1115-9
http://www.ncbi.nlm.nih.gov/pubmed/26433882
https://doi.org/10.1007/s00441-011-1190-x
http://www.ncbi.nlm.nih.gov/pubmed/21643690
https://doi.org/10.1038/cr.2009.5
http://www.ncbi.nlm.nih.gov/pubmed/19153598
https://doi.org/10.1007/s00441-011-1201-y
http://www.ncbi.nlm.nih.gov/pubmed/21701805
http://www.ncbi.nlm.nih.gov/pubmed/11790550
https://doi.org/10.1593/neo.04241
https://doi.org/10.1593/neo.04241
http://www.ncbi.nlm.nih.gov/pubmed/15548370
https://doi.org/10.3109/10799893.2010.489227
https://doi.org/10.3109/10799893.2010.489227
http://www.ncbi.nlm.nih.gov/pubmed/20536315
https://doi.org/10.1165/rcmb.2011-0237OC
http://www.ncbi.nlm.nih.gov/pubmed/22021337
http://www.ncbi.nlm.nih.gov/pubmed/23923066
https://doi.org/10.1371/journal.pone.0183972

