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Abstract

Background: Epithelial-mesenchymal transition (EMT) is a key process in the onset and development of idiopathic
pulmonary fibrosis (IPF) with unclear mechanisms. Our previous studies found that bleomycin and tunicamycin
could induce ER stress and consequently trigger EMT accompanying with IL-32 overexpression. This study was
aimed to investigate the effects of IL-32 on EMT and ER stress to elucidate the pathogenesis of IPF.

Methods: Human lung adenocarcinoma A549 cells were treated with recombinant human (rh)IL-32, IL-32 siRNA
and EMT inducer tunicamycin, or 4-phenylbutyric acid (4-PBA), respectively. Then the cell morphology was
observed and the expression of ER-related markers and EMT-related markers were detected by RT-qPCR or
western blotting.

Results: Stimulation of A549 cells with rhiL-32 led to a morphological change from a pebble-like shape to an
elongated shape in a portion of the cells, accompanied by down regulated expression of the epithelial cell
marker E-cadherin and up regulated expression of the mesenchymal cell markers N-cadherin, Vimentin, and
Zeb-1. However, these rhiL-32 induced changes were inhibited by the ER stress inhibitor 4-PBA. Suppression
of IL-32 expression with siRNA inhibited TM-induced EMT. Further stimulation of the A549 cells with rhIL-32
demonstrated an increase in the expression of GRP78, although this increase was also inhibited by 4-PBA.

Conclusions: These results suggest that IL-32 induces EMT in A549 cells by triggering ER stress, and IL-32
may be a novel marker for IPF.

Keywords: Idiopathic pulmonary fibrosis, Epithelial-mesenchymal transition, Endoplasmic reticulum stress, IL-32

* Correspondence: Idslwtg@126.com; txpdoc@126.com

"Ling Gong and Gang Liu contributed equally to this work.

’Department of Respiratory Medicine, The Third Affiliated Hospital of Zunyi
Medical University (The First People’s Hospital of Zunyi), Zunyi 563000,
Guizhou, China

The First Clinical Medical College, Jinan University, 601 W. Huangpu Avenue,
Guangzhou 510630, China

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12890-020-01319-z&domain=pdf
https://orcid.org/0000-0002-8889-2909
https://orcid.org/0000-0002-9300-3846
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:ldslwtg@126.com
mailto:txpdoc@126.com

Gong et al. BMC Pulmonary Medicine (2020) 20:278

Background

Idiopathic pulmonary fibrosis (IPF), a chronic progres-
sive lung disease characterized by continuous scarring of
the lungs, can lead to a progressive decline of lung func-
tion and respiratory failure, with consequently high mor-
tality rates [1]. The incidence of IPF has shown an
increasing trend in recent years. However, since the pre-
cise cause and pathogenic mechanism are still unknown,
there is a lack of effective treatment measures for IPF.
Consequently, the median survival of IPF patients after
diagnosis is only 2-3years, and the mortality rate is
higher than that of many cancers [2]. Therefore, in-
depth investigations of the molecular mechanisms of IPF
are of great significance for guiding the development of
novel strategies for the prevention and treatment of the
disease.

The onset of IPF involves disruption of the apoptosis/
proliferation balance of fibroblasts, along with the exces-
sive synthesis and accumulation of extracellular matrix
components such as collagen [3]. Myofibroblasts are the
primary source of collagen production, which are mainly
regulated by the epithelial-mesenchymal transition
(EMT) [4], a phenomenon in which epithelial cells
acquire the phenotypic and biological characteristics of
mesenchymal cells in response to certain stimuli [5].
Detailed studies have demonstrated that epithelial cells
that have undergone EMT possess a contractile function
and the ability to synthesize collagen [4], which are the
key conditions for the onset and development of fibrosis.
Thus, EMT appears to play an important role in IPF
pathogenesis.

Recent research has also demonstrated a link between
the EMT and endoplasmic reticulum (ER) stress. Certain
factors such as smoking, chronic aspiration, and viral in-
fection may induce ER stress in type II alveolar epithelial
cells (AEC II), leading to the dissociation of the ER
chaperone glucose-regulated protein 78 (GRP78), thus
blocking its downstream effectors to ultimately result in
cell apoptosis and the induction of EMT [6, 7]. In
addition, 4-phenylbutyric acid (4-PBA) was shown to in-
hibit the activation of ER stress and induction of EMT
in AEC II cells [8-10]. We also previously reported that
bleomycin and tunicamycin (TM) could induce ER stress
and consequently trigger EMT through activation of his-
tone deacetylase with accompanying interleukin (IL)-32
overexpression [11].

IL-32 is a recently discovered cytokine that plays a
pivotal role in innate and acquired immunity through
the regulation of T cells [12]. IL-32 can participate in
the onset and development of many types of tumors
by influencing the EMT processes of tumor cells. For
example, IL-32a can inhibit JAK2 / STAT3 signaling
pathway to inhibit IL-6-induced EMT and tumor cell
invasion and metastasis in pancreatic cancer cells
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[13]. IL-32beta could increase the production of
VEGF and resulted in increasement of cell migration
and invasion through STAT3 activation [14]. IL-320
was reported to inhibit JAK2 / STAT3 signaling path-
way and thereby reduce IL-6 induced EMT produc-
tion [15], it also lead to the inhibition of epithelial-
mesenchymal transition (EMT) and stemness by re-
serving STAT3-ZEB1 pathway [16]. Accordingly, we
hypothesized that IL-32 might play a role in the
pathogenic mechanism of IPF by influencing EMT.
To test this possibility, we evaluated the role of IL-32
in A549 lung adenocarcinoma cells and the mecha-
nisms of action in relation to the influence on EMT
and ER stress. The results of this study could provide
a scientific basis for IL-32 as a novel target in future
research and clinical treatments of IPF.

Methods

Cell culture and treatment

Human lung adenocarcinoma A549 cells are an alveolar
epithelial cell line with biological characteristics of AEC
II, and were therefore used as an in vitro model of IPF.
The A549 cells (ATCCRCRM-CCL-185™) were pur-
chased from American Type Culture Collection, and cul-
tured in RPMI-1640 culture medium containing 10%
fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin in a constant-temperature, constant-
humidity incubator maintained at 37°C and 5% CO..
Six-well plates were inoculated with 1 x 10° cells each
and cultured under normal or starvation conditions for
24 h. Subsequently, the cells were treated with 0.5 pg/ml
TM, 1.0 nM 4-PBA (both from Sigma-Aldrich, St. Louis,
MO, USA) or 100 ng/ml rhIL-32 (R&D Systems Inc. -
Minneapolis, USA. Catalog Number: 6769-IL).

RNA interference

Small interfering RNA (siRNA) targeting IL-32 was
achieved by introducing plasmids containing IL-32 shRNA
(AGAAGCTGAAGGCCCGAATctcgagATTCGGGCCTT-
CAGCTTCT, targeting IL32 transcript variantl-9, which
encoding five isoforms interleukin-32 namely IL-32a, IL-
32p, IL-32y, IL-328 and IL-32¢ precursor) and scrabbled
shRNA (TTCTCCGAACGTGTCACGTctcgagACGTGA-
CACGTTCGGAGAA) into A549 cells through lipofecta-
mine 3000 transfection reagent (Invitrogen, CA, USA). The
GV102 derived plasmids for saRNA and scrabbled shRNA
expression were designed and provided by Shanghai Gene-
chem Co., Ltd. (Shanghai, China). Forty-eight hours after
transfection, the cells were observed under an inverted
fluorescence microscope to determine the transfection rate.
Subsequently, RNA extraction was performed to confirm
the interference efficiency via reverse transcription-
quantitative polymerase chain reaction (RT-qPCR).
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RT-qPCR

Total RNA was extracted from the A549 cells using TRI-
zol reagent (Takara, Japan) in accordance with the man-
ufacturer’s instructions. Subsequently, the total RNA
was reverse-transcribed to cDNA with the reverse tran-
scription kit (Takara). Using the obtained cDNA as the
template and B-actin as an internal control, RT-qPCR
was performed with the real-time fluorescence-based
2 x SYBR Green qPCR mix kits (Solarbio) according to
the manufacturer’s instructions. IL-32 primer design and
synthesis were performed by Shanghai Genechem Co.,
Ltd. (Shanghai, China), and the other primers design
and synthesis were performed by Sangon Biotech
(Shanghai, China) and all of the sequences as follows:

IL-32 forward 5'-CGACTTCAAAGAGGGCTACC-3’
reverse 5'-GATCCTCAACATCCGGGACA-3" (These
two primers recognize the mRNA of IL32 transcript
variant1-9, which encoding five isoforms interleukin-32
namely IL-32a, IL-32B, IL-32y, IL-328 and IL-32¢
precursor).

E-Cadherin forward 5'-GGGGTCTGTCATGGAAGG
TGC-3' reverse 5'-GTAAGCGATGGCGGCATTGTA-3'.

N-Cadherin forward 5 -CATCATCATCCTGCTTAT
CCTGT-3" reverse 5 -GCTCTTCTTCTCCTCCAC
CTTCTT-3".

Snail forward 5'-CTTCTCCTCTACTTCAGTCTCT
TCC-3" reverse 5'-TGAGGTATTCCTTGTTGCAGTA
TTT-3".

Vimentin forward 5-AATCCAAGTTTGCTGACC
TCTCTGA-3' reverse 5'-GACTGCACCTGTCTCCGG
TACTC -3".

Zeb-1 forward 5'-TAGATTTTGTGTGGGATTTCCT
GTC-3’ reverse 5'-AGTGATTTTAATGATGGCTCGA
ATA-3".

TNF-a forward 5'-AGGACACCATGAGCACTGAA

AGC-3"  reverse 5-AAGGAGAAGAGGCTGAGG
AACAAG-3".

TGF-p1  forward 5 -GAAACCCACAACGAAATC
TATGAC-3" reverse 5'-ACGTGCTGCTCCACTTTT
AACT-3".

IL-1B forward 5'-GAAATGATGGCTTATTACAGTG
GCA-3" reverse 5 -GTAGTGGTGGTCGGAGAT
TCGTAG-3".

IL-6 forward 5'-CCTCCAGAACAGATTTGAGAGT
AGT-3" reverse 5'-GGGTCAGGGGTGGTTATTGC-3".

B-actin forward 5'-CCCATCTATGAGGGTTACGC-
3" reverse 5'- TTTAATGTCACGCACGATTTC-3".

MTT assay

A549 cells in logarithmic growth phase were seeded into
96-well plates at a density of 5, 000 cells/well. Cells were
divided into blank control group, solvent group (DMSO)
and tunicamycin (0.5 pumol/L) group and cultured in a
humidified chamber at 37 °C for 0, 24, 48 h. Viable cells
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were evaluated with MTT assay kit (Sigma, USA)
according to the manufacturer’s instructions. Briefly,
20 uL MTT (5 mg/mL) solution was added to each well
and the plates were incubated at 37 °C for 4 h. The ab-
sorption value of every well was read at 490 nm using a
microplate reader (ELX800, Bio-Tek, USA).

ELISA assay

The supernatants of A549 cells culture were collected
and the concentration of TNF-a, TGF-f1, IL-1p, IL-6 in
the supernatants was determined by using human TNE-
a, TGF-p1, IL-1pB, IL-6 ELISA Kit (Neobioscience, Shen-
zhen, Guangzhou, China) following the manufacturer’s
instructions.

Western blotting

Total protein was extracted from the A549 cells and quan-
tified using the BCA protein assay kit (Solarbio, Beijing,
China). A sample containing 20 ug of protein was sepa-
rated on a 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gel (Solarbio), transferred to a
polyvinylidene fluoride membrane, and incubated with
rabbit anti-mouse N-cadherin, GRP78, and a-SMA
primary antibodies (Proteintech, Wuhan, China), or -
actin antibody (Bioss, Beijing, China) as a loading
control, at room temperature for 2h. Subsequently,
the membrane was washed, incubated with the horse-
radish peroxidase-conjugated goat anti-rabbit second-
ary antibody (Proteintech, Wuhan, China) for 1h at
room temperature, and exposed using the ECL kit.
The experiment was repeated three times.

Statistical analysis

SPSS 20.0 software was used for statistical analysis of the
experimental data. Quantitative data are expressed as
the mean + standard deviation, n =3, and comparisons
between two groups were performed using the t-test. A
significance level of o =0.05 was adopted, with P< 0.05
indicating a statistically significant difference.

Results

Tunicamycin treatment enhanced the expression of IL-32
in A549 cells

Our previous study showing that TM can induce EMT
in A549 cells, the cells were treated with 0.5 pg/ml TM
for 24 h [11]. Observation of the cells under an inverted
microscope showed that the TM treatment reduced the
cell number compared with that of the control and solv-
ent group (Fig. la). Although the TM-treated cells
showed no significant morphological changes, enlarge-
ment of intercellular spaces was evident, resulting in a
looser arrangement of cells (Fig. la). Meanwhile, an
MTT assay was applied to evaluate the effect of TM
treatment on cell proliferation. The result showed that
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Fig. 1 Morphology and IL-32 expression changes of TM treatment. @ Morphologies of A549 cells of the control, solvent (DMSO)-treated, and TM-
treated groups. b MTT assay of cell proliferation of control, solvent-treated, and TM-treated cells. ¢ MRNA expression levels of IL-32, measured by
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compared with the control group and the solvent group,
TM treatment reduced the cell proliferation ability of
the cells, resulting in a significant reduction in the num-
ber of cells observed under the microscope (Fig. 1b).
This is consistent with the previous report that ETM
led to cell cycle arrest in G1 phase regulated by
increased levels of p21Wafl/Cipl [17]. Moreover,
RT-qPCR showed that the mRNA expression level of
IL-32 was significantly increased (P < 0.05) after 24h
of TM stimulation compared with the control or
solvent group, while the levels between solvent
(DMSO) treated group and control group showed no
statistically significance (Fig. 1c).

rhiL-32 induced EMT in A549 cells

After treatment with 100 ng/ml rhIL-32 for 24 h, a por-
tion of the A549 cells showed a morphological change
from a pebble-like shape to an irregular elongated shape
(indicated by the red arrow in Fig. 2a). To ascertain if
this phenomenon was caused by EMT, RT-qPCR was
adopted to determine the influence of rhIL-32 treatment
on the expression of EMT-related molecules. Indeed,

compared with the blank control expression of the epi-
thelial cell marker E-cadherin was significantly downreg-
ulated (P< 0.05, Fig. 2b, ¢, d), while the expression of
the mesenchymal cell markers N-cadherin, Vimentin,
and Zeb-1 were significantly upregulated (P < 0.05,
Fig. 2b, ¢, d) after rhIL-32 treatment.

IL-32 siRNA inhibited TM-induced EMT

Forty-eight hours after the transfection of A549 cells
with IL-32 siRNA, the transfection rate observed
under an inverted fluorescence microscope was esti-
mated at approximately 50-60% (Fig. 3a). RT-qPCR
(Fig. 3b) and WB (Fig. 3¢, d) were used to detect the
interference rate of IL-32. Compared with TM group,
the expression of TM +IL-32 siRNA group decreased
significantly (P< 0.05). The A549 cells were divided
into the control, Lipo™3000/NC (NC), TM, and TM +
IL-32 siRNA groups (TM was added 24 h after siRNA
transfection). RT-qPCR showed that the mRNA ex-
pression levels of the mesenchymal cell markers N-
cadherin, Vimentin, Snail, and Zeb-1 were signifi-
cantly increased in the TM group compared with
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Fig. 2 Morphology and EMT-related gene expressions in rhiL-32 treated cells. a Morphologies of A549 cells of the control and rhIL-32 treated
groups observed under an inverted microscope. b mRNA expression levels of EMT-related molecular markers, measured by RT-gPCR. ¢, d Protein
expression levels of EMT-related molecular markers measured by western blotting. *P < 0.05 compared with the control group
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those of the control group (P< 0.05, Fig. 3e, f, g),
whereas these expression levels were significantly de-
creased in the TM +IL-32 siRNA group compared
with those of the TM group (P< 0.05, Fig. 3e, f, g),
further demonstrating that IL-32 interference inhibits
TM-induced EMT.

rhiL-32 induced ER stress in A549 cells

Twenty-four hours after treatment of A549 cells with
100 ng/ml rhIL-32, both the mRNA and protein expres-
sion levels of GRP78 increased significantly (P < 0.05,
Fig. 4a, b, ¢), indicating that rhIL-32 can induce ER
stress in A549 cells.

Moreover, treatment of rhIL-32 with 1.0 mM 4-PBA sig-
nificantly decreased the mRNA and protein expression
levels of GRP78 compared with those of cells treated with
rhIL-32 alone (P < 0.05, Fig. 4a, b, and ¢).

ER stress mediated EMT in A549 cells
The aforementioned results suggest that rhIL-32 induces
both EMT and ER stress in A549 cells. To further ascer-
tain the relationship between ER stress and EMT, the
expression of EMT-related molecules was measured in
A549 cells treated with the ER stress inhibitor 4-PBA.
Compared with cells treated with rhIL-32 alone, 4-PBA
treatment reduced the mRNA expression levels of the
mesenchymal cell markers N-cadherin (P < 0.05), snail
(P < 0.05), and Zeb-1 (P < 0.05) (Fig. 5a), and increased the
mRNA expression level of the epithelial cell marker E-
cadherin (P < 0.05, Fig. 5a). Similarly, the protein expres-
sion of N-cadherin and a-SMA were upregulated in the
rhIL-32 group but significantly downregulated in the
rhIL-32 + 4-PBA group (P < 0.05, Fig. 5b, ¢). Thus, EMT
was inhibited following the inhibition of ER stress, indicat-
ing that rhIL-32 triggers ER stress and mediates the devel-
opment of EMT in A549 cells.
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IL-32 induces inflammatory cytokine production in A549
cells

After rhIL-32 treatment, the mRNA expression levels of
the inflammatory cytokines tumor necrosis factor
(TNF)-a, transforming growth factor (TGF)-p1, IL-1p,
and IL-6(Fig. 5d) in the rhIL-32 group were significantly
higher than those of the control group (P< 0.05). An
ELISA assay was further employed to measure the pro-
tein levels of these inflammatory cytokines, and the
result was consistent with the RT-PCR results. These re-
sults indicate that IL-32 could induce inflammatory
cytokine production in A549 cells.

Discussion
IPF is a heterogeneous process involving the participation
of multiple factors. In particular, EMT in pulmonary cells
is one of the key pathogenic mechanisms of the disease, as
myofibroblasts are mainly formed from the transition of
pulmonary alveolar epithelial cells to mesenchymal cells.
However, at present, the mechanisms by which EMT oc-
curs in pulmonary epithelial cells remain unclear.
Interleukin (IL)-32, a well-known cytokine, has nine
alternative spliced isoforms i.e. IL-32a, IL-32f, IL-32y,

IL-328, IL-32n, IL-326, IL-32¢, IL-32(, IL- 321 [18,
19], and IL-32«, IL-32p3, IL-32y and IL-328 were the
four major isoforms isolated from IL-2-stimulated hu-
man NK cells [20]. IL-32 is associated with inflamma-
tion, virus infections and cancer by participating in
multifaceted regulation process such as cancer cell
growth inhibition, cell apoptosis regulation, accentu-
ation of inflammation, and angiogenesis [13, 15]. Sev-
eral recent studies have pointed to a critical role of
IL-32 in the onset and development of EMT in cells.
Using Vimentin as an EMT marker, Su et al. found
that IL-32p can induce Slug and Vimentin expression
in breast cancer cells, thereby proving that IL-32
causes the onset of EMT in breast cancer cells [14].
Similarly, Lin et al. found that IL-326 can inhibit
EMT in colon cancer stem cells through the STAT3
signaling pathway [15]. Other researchers have re-
ported that IL-32a can inhibit the JAK2/STAT3 sig-
naling pathway and reverse the IL-6-induced EMT
process in pancreatic cancer cells [13]. The present
study confirms and expands this role of IL-32, in
demonstrating that it could induce EMT in pulmon-
ary alveolar epithelial cells.
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The process by which ER stress and unfolded pro-
tein response-mediated EMT occurs [10, 21-23] plays
a critical role in the pathogenesis of fibrosis in many
organs [24-27]. Some studies have found that ER
stress induced by TM, thapsigargin, and mutations in
SPC and SPA can mediate the development of EMT
in pulmonary alveolar epithelial cells [9, 10]. In
addition, bleomycin could induce the onset of ER
stress in a mouse model of pulmonary fibrosis, which
in turn mediated the occurrence of EMT [28]. A
similar conclusion was obtained in the present study,
as IL-32 induced EMT through the induction of ER
stress in pulmonary alveolar epithelial cells.

A multitude of factors have been suggested to trigger ER
stress and consequently induce the development of EMT in
pulmonary alveolar epithelial cells, including genetic and
environmental factors such as smoking, chronic aspiration,
viral infection, polymorphism in the promoter region of
mucoprotein 5B, telomerase gene mutations, and mutations
in SPC and SPA [24, 29, 30]. However, the exact mecha-
nisms remain unclear. Although IL-32 appears to play a
role in this process, we have not made clear which subtype
of IL-32 plays a key role in it, in-depth investigation of these
mechanisms and the role of each subtype of IL-32 will be
the next step in our research.

The ER stress inhibitor 4-PBA was reported to induce
EMT by TM-induced ER stress in renal tubular epithe-
lial cells [31], and could also inhibit the expression of
the EMT downstream markers GRP78 and LC3B-II in
breast cancer cells [32]. Moreover, 4-PBA can alleviate
atherosclerosis and stabilize existing plaques in mice
through inhibition of ER stress [33]. Although similar
effects of 4-PBA were observed in the present study by
inhibiting TM-induced EMT, N-cadherin expression was
not significantly reduced compared with the rhIL-32
treatment group. This could be attributed to the rela-
tively short time of 4-PBA treatment in the experiment,
which may have been insufficient for 4-PBA to exert its
inhibiting effects on N-cadherin expression.

In the development of pulmonary fibrosis, the expres-
sion of profibrotic and antifibrotic cytokines are upregu-
lated and downregulated, respectively, thereby causing
an imbalance. Previous studies have indicated that mul-
tiple cytokines, including TGF-B1, IL-1f, TNF-a, IL-17,
IL-27, IL-13, and IL-32, are overexpressed in pulmonary
fibrosis [34—37]. In addition, ER stress can promote the
protein expression of LTBP1 and LTBP4, which are
closely related to the secretion of TGF-B1 and TGEF-p4
in pulmonary epithelial cells, thereby playing a key role
in the development of pulmonary fibrosis [38]. The
present study showed that rhIL-32 can induce ER stress
and consequently upregulate TGF-f1, TNF-a, IL-6, and
IL-1B expression. Because the high sequences similarity
between interleukin-32 transcript variant 1-9 which
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encoding IL-32a, IL-32p, IL-32y, IL-328 and IL-32¢, and
there are limited commercially available isoforms of re-
combinant protein of IL-32. We only examined the
effects of IL-32p on EMT, ER stress and cytokine pro-
duction. Whether the IL-32a, IL-32y, IL-328 and IL-32¢
exhibit similar functions remains to be further studied.
Meanwhile, further research will also be conducted to
determine which upstream pathways are involved in the
regulation cytokine overexpression.

Conclusion

This study found that IL-32 can induce EMT in pul-
monary alveolar epithelial cells by triggering ER stress
offers a new approach for studies on IPF. In future
research efforts, we will conduct an in-depth investiga-
tion of the relevant mechanisms in an attempt to estab-
lish IL-32 as a novel target for the treatment of
pulmonary fibrosis.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512890-020-01319-z.

Additional file 1. Figure S1. Flow cytometry analysis of cell apoptosis of
the blank group (@), solvent group (b), and TM treated group (c)

Abbreviations

EMT: Epithelial-mesenchymal transition; IPF: Idiopathic pulmonary fibrosis; ER
Stress: endoplasmic reticulum stress; IL-32: Interleukin-32; rhllL-

32f: Recombinant human interleukin-32 beta protein; siRNA: Small
interfering RNA; 4-PBA: 4-phenylbutyric acid; RT-qPCR: Reverse transcription-
quantitative polymerase chain reaction; GRP78: Glucose-regulated protein 78;
TM: Tunicamycin; WB: Western blotting; DMSO: Dimethy! sulfoxide; a-

SMA: Alpha smooth muscle Actin; Zeb-1: Zinc finger E-box binding
homeobox 1

Acknowledgements
We thank all authors for allowing their work to be cited in the present
article.

Authors’ contributions

LG, GL, DL, and XT designed the work. LG, GL carried out the main
experimental data. H Z, CHL, PL, CLL and HT analyzed the data. GL, KW, JW
and DL prepared and edited the initial manuscript. All authors have read and
approved the final manuscript.

Funding

This study was supported by the Guizhou Provincial Natural Science
Foundation Project ([2018]5623, [2020]4Y121), Zunyi Respiratory Medicine
Talent Base Project ([2019]69), Research and Experimental Development plan
of the first People’s Hospital of Zunyi ([2020]1,[2020]15), and Chinese Medical
Association Foundation Project (08020610139). The funders had no role in
the study design, data collection and analysis, decision to publish, or
reparation of the work.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.


https://doi.org/10.1186/s12890-020-01319-z
https://doi.org/10.1186/s12890-020-01319-z

Gong et al. BMC Pulmonary Medicine (2020) 20:278

Competing interests
None.

Author details

'The First Clinical Medical College, Jinan University, 601 W. Huangpu Avenue,
Guangzhou 510630, China. “Department of Respiratory Medicine, The Third
Affiliated Hospital of Zunyi Medical University (The First People’s Hospital of
Zunyi), Zunyi 563000, Guizhou, China. 3Institute of Respiratory Diseases, The
Second Affiliated Hospital of Army Medical University (Third Military Medical
University), Chongging 400037, China. “Zunyi Medical University, Zunyi
563000, Guizhou, China. *Scientific Research Center, The Third Affiliated
Hospital of Zunyi Medical University (The First People’s Hospital of Zunyi),
Zunyi 563000, Guizhou, China. ®Department of Respiratory, The Third
Affiliated Hospital of Zunyi Medical University (The First People’s Hospital of
Zunyi), No.98 Fenghuang Road, Zunyi 563002, Guizhou, China.

Received: 12 June 2020 Accepted: 18 October 2020
Published online: 23 October 2020

References

1. Barratt SL, Creamer A, Hayton C, et al. Idiopathic pulmonary fibrosis (IPF): an
overview. J Clin Med. 2018;7(8):E201.

2. Raghu G, Collard HR, Egan JJ, et al. An official ATS/ERS/JRS/ALAT statement:
idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis and
management. Am J Respir Crit Care Med. 2011;183(6):788-824.

3. Todd NW, Luzina IG, Atamas SP. Molecular and cellular mechanisms of
pulmonary fibrosis. Fibrogenesis Tissue Repair. 2012;5(1):11.

4. Wolters PJ, Collard HR, Jones KD. Pathogenesis of idiopathic pulmonary
fibrosis. Annu Rev Pathol. 2014,9(1):157-79.

5. Kage H, Borok Z. EMT and interstitial lung disease: a mysterious relationship.
Curr Opin Pulm Med. 2012;18(5):517-23.

6.  Verfaillie T, Garg AD, Agostinis P. Targeting ER stress induced apoptosis and
inflammation in cancer. Cancer Lett. 2013;332(2):249-64.

7. Tanjore H, Blackwell TS, Lawson WE. Emerging evidence for endoplasmic
reticulum stress in the pathogenesis of idiopathic pulmonary fibrosis. Am J
Physiol Lung Cell Mol Physiol. 2012;302(8):L721-9.

8. Basseri S, Lhotak S, Sharma AM, et al. The chemical chaperone 4-
phenylbutyrate inhibits adipogenesis by modulating the unfolded protein
response. J Lipid Res. 2009;50(12):2486-501.

9. Zhong Q, Zhou B, Ann DK, et al. Role of endoplasmic reticulum stress in
epithelial-mesenchymal transition of alveolar epithelial cells: effects of
misfolded surfactant protein. Am J Respir Cell Mol Biol. 2011;45(3):498-509.

10.  Tanjore H, Cheng D-S, Degryse AL, et al. Alveolar epithelial cells undergo
epithelial-to-mesenchymal transition in response to endoplasmic reticulum
stress. J Biol Chem. 2011;286(35):30972-80.

11. Liu D, Zhu H, Gong L, et al. Histone Deacetylases promote ER stress induced
epithelial Mesenchymal transition in human lung epithelial cells. Cell Physiol
Biochem. 2018;46(5):1821-34.

12. Schenk M, Krutzik SR, Sieling PA, et al. NOD2 triggers an interleukin-32-
dependent human dendritic cell program in leprosy. Nat Med. 2012;18(4):
555-63.

13. Chen J,Wang S, Su J, et al. Interleukin-32a inactivates JAK2/STAT3 signaling
and reverses interleukin-6-induced epithelial-mesenchymal transition,
invasion, and metastasis in pancreatic cancer cells. Onco Targets Ther. 2016;
9:4225-37.

14.  Park JS, Choi SY, Lee JH, et al. Interleukin-32beta stimulates migration of
MDA-MB-231 and MCF-7cells via the VEGF-STAT3 signaling pathway. Cell
Oncol (Dordr). 2013;36(6):493-503.

15. Bak Y, Kwon T, Bak IS, et al. IL-32theta inhibits stemness and epithelial-
mesenchymal transition of cancer stem cells via the STAT3 pathway in
colon cancer. Oncotarget. 2016;7(6):7307-17.

16.  Khawar MB, Mukhtar M, Abbasi MH, et al. IL-32theta: a recently identified
anti-inflammatory variant of IL-32 and its preventive role in various disorders
and tumor suppressor activity. Am J Transl Res. 2017,9(11):4726-37.

17. Grassi ML, Palma CS, Thome CH, et al. Proteomic analysis of ovarian cancer
cells during epithelial-mesenchymal transition (EMT) induced by epidermal
growth factor (EGF) reveals mechanisms of cell cycle control. J Proteome.
2017;151:2-11.

18.  Fadaei R, Bagheri N, Heidarian E, et al. Serum levels of IL-32 in patients with
type 2 diabetes mellitus and its relationship with TNF-alpha and IL-6.
Cytokine. 2020;125:154832.

Page 9 of 9

9. Krajewska Wojciechowska J, Koscielska-Kasprzak K, Krajewski W, et al. Serum
levels of interleukin-32 and interleukin-6 in granulomatosis with polyangiitis
and microscopic polyangiitis: association with clinical and biochemical
findings. Eur Cytokine Netw. 2019;30(4):151-9.

20. Kim SH, Han SY, Azam T, et al. Interleukin-32: a cytokine and inducer of

TNFalpha. Immunity. 2005;,22(1):131-42.

21, Lawson WE, Cheng DS, Degryse AL, et al. Endoplasmic reticulum stress
enhances fibrotic remodeling in the lungs. Proc Natl Acad Sci U S A. 2011;
108(26):10562-7.

22, Ulianich L, Garbi C, Treglia AS, et al. ER stress is associated with
dedifferentiation and an epithelial-to-mesenchymal transition-like
phenotype in PC CI3 thyroid cells. J Cell Sci. 2008;121(Pt 4):477-86.

23. Yang L, Carlson SG, McBurney D, et al. Multiple signals induce endoplasmic
reticulum stress in both primary and immortalized chondrocytes resulting in
loss of differentiation, impaired cell growth, and apoptosis. J Biol Chem.
2005;280(35):31156-65.

24, Lawson WE, Crossno PF, Polosukhin W, et al. Endoplasmic reticulum stress
in alveolar epithelial cells is prominent in IPF: association with altered
surfactant protein processing and herpesvirus infection. Am J Physiol Lung
Cell Mol Physiol. 2008;294(6):L1119-26.

25. Mu YP, Ogawa T, Kawada N. Reversibility of fibrosis, inflammation, and
endoplasmic reticulum stress in the liver of rats fed a methionine-choline-
deficient diet. Lab Investig. 2010;,90(2):245-56.

26.  Chiang CK, Hsu SP, Wu CT, et al. Endoplasmic reticulum stress implicated in
the development of renal fibrosis. Mol Med. 2011;17(11-12):1295-305.

27. Dickhout JG, Carlisle RE, Austin RC. Interrelationship between cardiac
hypertrophy, heart failure, and chronic kidney disease: endoplasmic
reticulum stress as a mediator of pathogenesis. Circ Res. 2011;108(5):629-42.

28. Zhao H, Qin HY, Cao LF, et al. Phenylbutyric acid inhibits epithelial-
mesenchymal transition during bleomycin-induced lung fibrosis. Toxicol
Lett. 2015;232(1):213-20.

29. Noth |, Martinez FJ. Recent advances in idiopathic pulmonary fibrosis. Chest.
2007;132(2):637-50.

30.  Kropski JA, Lawson WE, Blackwell TS. Right place, right time: the evolving
role of herpesvirus infection as a “second hit" in idiopathic pulmonary
fibrosis. Am J Physiol Lung Cell Mol Physiol. 2012;302(5):.L441-4.

31, Zeindl-Eberhart E, Brandl L, Liebmann S, et al. Epithelial-mesenchymal
transition induces endoplasmic-reticulum-stress response in human
colorectal tumor cells. PLoS One. 2014;9(1):-e87386.

32. ZhuJ, Tian S, Li KT, et al. Inhibition of breast cancer cell growth by methyl
pyropheophenylchlorin photodynamic therapy is mediated though
endoplasmic reticulum stress-induced autophagy in vitro and vivo. Cancer
Med. 2018;7(5):1908-20.

33. Huang A, Young TL, Dang VT, et al. 4-phenylbutyrate and valproate
treatment attenuates the progression of atherosclerosis and stabilizes
existing plaques. Atherosclerosis. 2017,266:103-12.

34, Wilson MS, Madala SK, Ramalingam TR, et al. Bleomycin and IL-1beta-mediated
pulmonary fibrosis is IL-17A dependent. J Exp Med. 2010;207(3):535-52.

35. Dong S, Zhang X, He Y, et al. Synergy of IL-27 and TNF-alpha in regulating
CXCL10 expression in lung fibroblasts. Am J Respir Cell Mol Biol. 2013;48(4):
518-30.

36. Ko NY, Mun SH, Lee SH, et al. Interleukin-32alpha production is regulated by
MyD88-dependent and independent pathways in IL-1beta-stimulated
human alveolar epithelial cells. Immunobiology. 2011,216(1-2):32-40.

37. Li D, Chen D, Zhang X, et al. JNK and Akt signaling pathways regulating
TNF-a-induced IL-32 expression in human lung fibroblasts: implications in
airway inflammation. Immunology. 2014;144(2):282-90.

38, Maitra M, Cano CA, Garcia CK. Mutant surfactant A2 proteins associated

with familial pulmonary fibrosis and lung cancer induce TGF-betal

secretion. Proc Natl Acad Sci U S A. 2012;109(51):21064-9.

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



	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture and treatment
	RNA interference
	RT-qPCR
	MTT assay
	ELISA assay
	Western blotting
	Statistical analysis

	Results
	Tunicamycin treatment enhanced the expression of IL-32 in A549 cells
	rhIL-32 induced EMT in A549 cells
	IL-32 siRNA inhibited TM-induced EMT
	rhIL-32 induced ER stress in A549 cells
	ER stress mediated EMT in A549 cells
	IL-32 induces inflammatory cytokine production in A549 cells

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

