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Abstract
The epithelial–mesenchymal transition (EMT) process is a key priming activity of fibroblasts in pulmonary fibrosis during
silicosis. Ets-like protein-1 (Elk-1) is a critical modulator that promotes functional changes in cells, and the effects are
mediated by oxidative stress (OS). However, whether ELK-1 is involved in EMT of silicosis remains unclear. In addition,
researchers have found that Elk-1 is involved in the expression of the gene zc3h12a, which encodes the protein MCPIP1, and
MCPIP1 is a member of the zinc finger Cys-Cys-Cys-His (CCCH)-type protein family. A previous study from our lab
showed that ZC3H4, which is also a member of the CCCH-type protein family, critically affected the regulation of EMT
during silicosis. However, it has not yet been elucidated if ELK-1 acts at the promoter for zc3h4 to increase its expression in
a mechanism that is similar to that of the zc3h12a gene and whether such regulation ultimately controls EMT. Therefore, we
explored the correlation between ELK-1 and ZC3H4 expression and tested the underlying mechanisms affecting ELK-1
activation induced by silica. Our study identifies that SiO2-mediated EMT via ELK-1, with the upstream activity of OS and
the downstream signaling of ZC3H4 expression resulting in enhanced EMT. These findings suggest that the nuclear
transcription factor ELK-1 may be useful as a novel target for the treatment of pulmonary fibrosis.

Introduction

Silicosis is a systemic disease caused by long-term inhala-
tion of a high concentration of free silicon dioxide (SiO2)
particles, and it is characterized by pulmonary fibrosis and
silicon nodule formation [1]. It is one of the occupational
diseases with the highest incidence rates, displaying the
features of hidden incidence, a long incubation period, and
complex presentation [2, 3]. Pulmonary injuries develop

progressively, even after escaping the occupational expo-
sure [2, 4].

The cellular mechanisms of silicosis include abnormal
activation of macrophages, oversecretion of inflammatory
cytokines or fibrogenic factors, including transforming
growth factor-β (TGF-β) [5–8], severe destruction of pul-
monary alveolar epithelial cells and vascular endothelial
cells, occurrence of epithelial–mesenchymal transition
(EMT), and endothelial–mesenchymal transition; these
activities result in excessive myofibroblast proliferation and
extracellular matrix over-deposition [9–11]. Notably, EMT,
which is characterized by the loss of epithelial cell junction
proteins, such as E-cadherin (E-cad), and the upregulation
of mesenchymal markers, such as collagen I (COL1),
vimentin, and N-cadherin, was recently considered to be a
vital source of tissue myofibroblasts [12]. It has been well-
established that multiple biological processes are critical for
EMT, and oxidative stress (OS) is a crucial molecular
mechanism leading to EMT [13, 14]. The inhalation of
silica particles has been shown to stimulate the production
of reactive oxygen species (ROS) as a part of the persistent
fibrotic responses associated with EMT [15]. EMT has been
implicated in the pathogenesis of lung fibrosis in response
to epithelial injury. Previous studies from our lab have also
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reported that EMT plays a crucial role in the pathogenesis
of pulmonary fibrosis induced by silica [9].

Substantial evidence has indicated that multiple tran-
scription factors, such as TWIST-1, snail, and ZEBs, are
involved in the complex pathogenesis of EMT states [16].
Among these, snail acted as a repressor of E-cad expression
and an inducer of EMT in various types of epithelial cells
[17, 18]. A recent study has demonstrated that Ets-like
protein-1 (Elk-1) is involved in the EMT process by mod-
ulating snail gene expression through the extracellular
signal-regulated kinase (ERK) pathway [19, 20]. ELK-1 is a
well-studied member of the ternary complex factor (TCF)
family, which binds to target gene sequence promoters
together with serum response factor (SRF) to form ternary
complexes called serum response elements (SREs) [21].
The transcriptionally active form of ELK-1 is characterized
by the de-SUMOylation and phosphorylation of serine or
threonine residues at COOH-terminal sites. The phosphor-
ylation of Elk-1 (p-ELK-1), which is induced by ERK1/2,
leads to Elk-1 translocation from the cytoplasm to the
nucleus and also results in the regulation of SRE-dependent
transcription by chromatin remodeling [22]. Transcriptional
activity is stimulated by different mitogen-activated protein
kinase (MAPK) signaling pathways. Mounting evidence
has demonstrated that OS induces activation of MAPK
signaling pathways, such as ERK, p38 MAPK, and c-Jun
N-terminal kinase pathways [23]. These pathways can
mediate the activation of a wide variety of transcription
factors and cellular processes, including cell differentiation,
proliferation, survival, adhesion, and migration [24]. How-
ever, whether OS modulates the activation of ELK-1,
mediating EMT and EMT-related functional changes
remains poorly understood.

The immediate-early genes (IE genes), such as FOS and
EGR1, that are engaged in expressing signaling pathway
factors are activated by the Elk-1 transcription factor with
rapid activation kinetics [25]. Moreover, Elk-1 is also
implicated in the expression of IE genes encoding proteins
critical for transcript turnover, namely, zc3h12a, which
encodes the Zinc finger Cys-Cys-Cys-His (CCCH) type
protein MCPIP1. The structures of a CArG box (binding site
for the transcription factor SRF) and an Ets-binding site
(binding site for Elk-1) in the zc3h12a gene promoter cause
phosphorylated ELK-1 to bind strongly to zc3h12a [25, 26].
Based on our earlier studies, we clearly demonstrated the role
of another newly identified member from the zinc finger
CCCH-type protein family, zinc finger CCCH-type contain-
ing 4 protein (ZC3H4), in cellular phenotypic changes during
silicosis [9, 27]. Because ZC3H4 is a member of the same
family as ZC3H12A, we speculated that the zc3h4 gene
promoter contained a hypothetical binding site for ELK-1,
such as a CArG box, which enables a novel hypothesis that
ELK-1 may bind to the zc3h4 gene promoter and activate

transcription, ultimately controlling ZC3H4 protein expres-
sion as well as the EMT process during silicosis.

To elucidate the role of ELK-1 in silica-induced EMT, we
knocked down ELK-1 expression and detected the functional
behaviors related to EMT. Herein, we demonstrated that
the connections between OS and the activation of ELK-1 and
ZC3H4 are involved in the regulation of EMT and TGF-β
production. These findings identified a new function for
ELK-1 in pulmonary epithelial cells and suggested that
ELK-1 may be involved in multiple steps of pulmonary
fibrosis.

Materials and methods

Reagents

Eighty percent of the SiO2 particles were between 2 and
5 μm in diameter, and they were purchased from Sigma®
(S5631). The SiO2 particles were sterilized overnight as
previously described (200 °C for 16 h) [28], and they were
then diluted in sterilized phosphate buffer solution (PBS) or
normal saline (NS) at a concentration of 5 or 50 mg/ml,
respectively. The SiO2 dosage used in cellular or animal
experiments was the same as our experimental results
(Fig. S1) and what was used in our previous studies [27]. N-
acetylcysteine (NAC) was bought from the Beyotime
(S0077) company. Antibodies against ZC3H4 (20041-1-
AP), α-SMA (14395-1-AP), and TGF-β(18978-1-AP) were
bought from Protein tech company. Antibodies against p-
ELK-1 (SC-8406, mouse) and E-cad (sc-9989, mouse) were
bought from Santa Cruz Biotechnology, Inc.

Cell culture

Mouse lung epithelial-12 (MLE-12) cells and human pul-
monary epithelial cell-BEAS-2B cells were obtained from
ATCC®, and they were cultured in dulbeccoʼs modified
eagle medium (DMEM) containing 10% fetal bovine serum
(FBS) at 5% CO2 and 37 °C. The cells used in the experi-
ments were between passages 5 and 15.

Animal model establishment

C57BL/6J mice were purchased from the Model Animal
Research Center of Nanjing Medical University. C57BL/6J
mice were 5–8 weeks old and were administered abdominal
pentobarbital sodium for anesthesia. After basic anesthesia,
the mice were administered a SiO2 suspension (5 mg par-
ticles in 100 μL of NS) via the trachea a single time, and the
control group was treated with 100 μL of sterilized NS [28].
Pulmonary tissues were obtained after SiO2 suspension
treatment for 28 days.
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Western blot analysis

Western blot analysis was measured as previously reported
[29]. Briefly, the cells were collected in RIPA lysis buffer
(P0013B, Beyotime) after being washed several times with
cold PBS buffer. Nuclear and cytoplasmic proteins were
extracted using an extraction kit (P0027, Beyotime). The
concentration of each sample was detected using a BCA kit
(P0011, Beyotime). Equal concentrations of each sample
were separated by 8–12% SDS-PAGE and were transferred
to PVDF membranes. PVDF membranes were incubated in
5% nonfat dry milk for 1 h under ambient conditions. After
that, the membranes were incubated with the primary anti-
bodies against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), α-SMA, E-cad, ZC3H4, p-ELK-1, and Histone
H3 (1:800) at 4 °C for a whole night. The next day, the
membrane was washed and then incubated for 1 h with
secondary antibodies conjugated with horseradish perox-
idase (Thermo Fisher Scientific). Protein bands were
visualized using a chemiluminescent reagent (SuperSignal
West Femto Maximum Sensitivity Substrate; Thermo
Fisher Scientific) and a Kodak IS4000 MM Pro Imaging
System (Carestream Health, Rochester, NY). Each Western
blot was representative of at least five independent experi-
ments. The protein bands were evaluated using ImageJ
1.48v software.

Immunofluorescence staining

Immunofluorescence staining was conducted as previously
described [30].

Cell transfection via CRISPR-associated protein 9
(Cas9) technology

The CRISPR/Cas9 knockout plasmids (sc-437281, sc-400385-
NIC, sc-420156-NIC, sc-436020-NIC, and sc-411693-NIC)
and the CRISPR activation plasmids (sc-437275, sc-400385-
ACT, sc-420156-ACT, sc-436020-ACT, and sc-411693-ACT)
were obtained from Santa Cruz Biotechnology. The transfec-
tion volume listed here was for a single well of a 24-well cell-
culture plate. Transient transfection was conducted as pre-
viously described [27].

Oxidative damage assessment

Intracellular ROS levels were measured by a Reactive
Oxygen Species Assay kit (Beyotime, China) with the
fluorescent probe dichlorofluorescein diacetate (DCFH-
DA); the enzyme activity of total superoxide dismutase
(SOD) was measured by a Total Superoxide Dismutase
Assay kit with WST-8 (Beyotime); the enzyme activity of
glutathione (GSH) was measured by a GSH and a GSSG

Assay kit (Beyotime). Concentrations of SOD and GSH
were expressed as unit per milligram of total protein [31].
All indexes were detected according to the manufacturers’
instructions.

Cell Counting Kit-8 assay

Cell viability was performed via Cell Counting Kit-8
(K1018, Apexbio), which was reported in a previous
research [32].

Bromodeoxyuridine (BrdU) labeling

Cell proliferation ability was evaluated via the BrdU assay,
which was reported in a previous research [29].

Nested matrix model and three-dimensional cell
migration assay

Three-dimensional (3D) cell migration assays were con-
ducted as in previous research with a few improvements
[33]. A nested collagen matrix model was established to
provide an adhesive state for 3 days of culture in DMEM
containing 5% FBS. The matrix was then removed from the
culture well and covered with 60 µL of fresh acellular col-
lagen matrix solution (NeoMatrix solution) in the middle
area of a new well in a 24-well plate. The newly transferred
matrix was used to place 140 µL of fresh acellular collagen
matrix solution. The mixture matrix was applied to aggre-
gate for 1 h at a standard culture temperature (37 °C) in an
atmosphere of 5% CO2; next, 1 mL of DMEM containing
10% FBS was added to each well. In these experiments,
MLE-12 cells were treated with plasmids or silica dioxide
according to the group. The cells that migrated out of or into
the mixture matrix were evaluated via fluorescence micro-
scopy at 0, 12, 24, and 48 h and then were compared with
the control group. We used fluorescence microscopy
(EVOS® FL, Life Technologies) to capture the digital pic-
tures. The migration ability of MLE-12 cells was examined
by counting the numbers of migrated cells that migrated
from the interface of the nested matrix into the cell-free
matrix. The numbers of migrated cells were averaged from
five randomly selected microscopic fields for each group.

Quantitative RT-PCR

Quantitative RT-PCR analysis was used to examine mRNA
expression. Total RNA was isolated from MLE-12 cells
using TRIzol reagent (Thermo Fisher Scientific). The con-
centration of RNA was evaluated by a NanoDrop-One
system (Thermo Fisher Scientific). Following the determi-
nation of the concentration of RNA, 400 ng of total RNA
was reverse transcribed to generate cDNA. The products of
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reverse transcription acted as templates for qRT-PCR. The
intersection points of the amplification curve and the
threshold lines were used to examine the relative quantita-
tive expression of RNA. The relative quantitative levels of
RNA were normalized to GAPDH.

Statistics

The data analyses were performed using SigmaPlot
11.0 software. The data are presented as the mean ± stan-
dard error of the mean (SEM). Unpaired t-test (two groups)
or analysis of variance (greater than two groups) were used
to calculate the significant differences. P < 0.05 was used to
analyze the significant differences.

Results

SiO2 increased the activation of ELK-1

Because reactive pulmonary epithelial cells always exhibit
high viability [34, 35], we first explored the effects of
various concentrations of SiO2 on cell viability. The pul-
monary epithelial cells, MLE-12 and BEAS-2B, were
treated with different concentrations of SiO2 for 24 h, which
was followed by cell viability assessment. As shown in
Fig. S1A, B, the CCK8 assay results indicated that SiO2

increased the viability of epithelial cells in a dose-dependent
manner. SiO2 at a concentration of 50 µg/cm2 significantly
increased the cell viability of MLE-12 and BEAS-2B cells,

Fig. 1 SiO2 increases the
activation of ELK-1.
a Representative western blots
showing SiO2 stimulates Elk-1
phosphorylation in the
nucleus of MLE-12 cells.
b Densitometric analyses of
Elk-1 phosphorylation (n= 5);
*p < 0.05 vs. the 0-h group.
c Representative immuno-
fluorescence staining images
illustrating that SiO2 decreases
the expression of E-cad and
increases the Elk-1
phosphorylation and nuclear
translocation in MLE-12 cells.
Nuclei are stained using DAPI.
The arrowhead signal points
indicate Elk-1 phosphorylation
and nuclear translocation
induced by SiO2. Scale bar=
20 μm. d Representative
immunofluorescence staining
images showing E-cad
expression and Elk-1
phosphorylation in lung tissues
from normal saline (NS)-treated
mice and SiO2-treated mice, E-
cad expression is decreased,
while Elk-1 phosphorylation and
nuclear translocation are
increased in silicosis group.
Nuclei are stained using DAPI.
The arrowhead indicates the
colocation signals of E-cad and
p-Elk-1 induced by SiO2. The
images are representative of
several mice from each group
(n= 6). Scale bar= 20 μm.
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while 200 µg/cm2 SiO2 exhibited a toxic effect on cells
compared with the other groups. Therefore, we chose 50 µg/
cm2 for the rest of the in vitro assays.

To explore the potential transcription factors involved in
cell activation, we first investigated the effect of SiO2 on
Elk-1 expression. Both phosphorylation at COOH-terminal
sites and nuclear translocation are critical for the tran-
scriptional potential of ELK-1 [36, 37]. As shown in
Figs. 1a, b and S2A, B, treating MLE-12 and BEAS-2B

cells with SiO2 significantly increased the p-Elk-1 in the
nucleus of cells, and it peaked after ~30–60 min of exposure
to SiO2 before tapering off, which was verified by western
blotting experiments. The immunofluorescence staining
showed that MLE-12 and BEAS-2B cells expressed higher
levels of endogenous p-Elk-1 (green fluorescent signal
points, arrowhead) in the nucleus within 1 h of SiO2

administration (Figs. 1c and S2C). To determine whether
the p-Elk-1 expression is altered in vivo, C57BL/6J mice

Fig. 2 ELK-1 is involved in
SiO2-induced EMT and TGF-
β production. a Representative
western blots showing that
transfection downregulates
ELK-1 expression in MLE-12
cells using the CRISPR/
Cas9 system. b Densitometric
analyses of five separate
experiments suggest that
transfection with ELK-1 double
nickase plasmid (ELK-1 NIC)
downregulates ELK-1
expression in MLE-12 cells;
*p < 0.05 vs. the control group.
c CCK8 assay showing the
effects of SiO2 on the viability of
MLE-12 cells in a time-
dependent manner.*p < 0.05 vs.
the 0-h group. d Representative
western blots showing that
downregulating ELK-1 inhibits
SiO2-induced increase in Col I
and TGF-β expression, while
reverses the SiO2-induced
decrease in E-cad expression in
MLE-12 cells. e Densitometric
analyses of five independent
experiments showing Col I,
TGF-β, and E-cad expression
(n= 5); *p < 0.05 vs. the control
group; #p < 0.05 vs. the SiO2

group. f Representative
immunofluorescence staining
images demonstrating that SiO2

decreases the expression of E-
cad and increases the expression
of Col I in MLE-12 cells. While
CRISPR/Cas9-mediated ELK-1
silencing attenuates the SiO2-
induced increase in Col I
expression and ameliorates the
SiO2-induced decrease in E-cad
expression. The arrowhead
indicates the morphology
change induced by SiO2. Scale
bar= 20 μm.
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were treated with SiO2 via intratracheal injection to estab-
lish mouse models of silicosis as was performed in a pre-
vious study [28]. Previous studies have demonstrated that
EMT was induced by exposure to SiO2 for 28 days in vivo.
Under conditions of EMT, we examined the p-Elk-1 and
observed colocalization between p-Elk-1 and the epithelial
cell marker E-cad in lung tissues. In accordance with the
in vitro results, immunohistofluorescence staining (Fig. 1d)
of lung tissues showed the colocalization of p-Elk-1 and E-
cad (arrowhead). Compared with the control group, alveolar
damage was more serious, p-Elk-1 was expressed robustly,
and there was a lower level of E-cad expression in the
pulmonary parenchyma of the experimental group. Taken
together, these results revealed that SiO2 stimulated rapid
ELK-1 activation, which was characterized by increased
nuclear translocation and phosphorylation.

ELK-1 was involved in SiO2-induced EMT and TGF-β
production

In order to explore the regulation role of ELK-1 on EMT,
the CRISPR/Cas9 NIC system was used to knock down
ELK-1 expression specifically (Fig. 2a, b). Since a previous
study from our lab found that SiO2 induced the expression
of EMT markers in a time-dependent manner in MLE-12
and BEAS-2B cells with a peak response at 24 h [9]. What’s
more, SiO2 increased the viability of MLE-12 and BEAS-
2B cells, with the peak response observed at 24 h
(Figs. 2c, S1C). Thus, the 24 h time point after SiO2

exposure was selected to maximize the probability of
detecting the effects of ELK-1 because this time point
corresponded to the relatively marked EMT phenomenon in
MLE-12 and BEAS-2B cells after SiO2 exposure [9]. As
shown in Fig. 2d, e, transfection of the Elk-1 NIC plasmid
alone had no effect on the expression of E-cad and Col I,
while knocking down Elk-1 protein expression reversed the
downregulation of E-cad expression and the upregulation of
Col I expression induced by SiO2. This phenomenon was in
accordance with fluorescence staining, from which the
fibroblast-shaped morphological changes (arrowhead)
induced by SiO2 were also inhibited in epithelial cells by
treatment with the Elk-1 NIC plasmid (Fig. 2f).

The production of TGF-β from lung epithelial cells is a
hallmark of the EMT response to fibrogenic reactions [38].
TGF-β is one of the main profibrotic inducers that have
been shown to promote EMT and excess collagen deposi-
tion in pulmonary fibrosis, which achieves via many dif-
ferent signaling pathways [39]. Therefore, we also
performed experiments to evaluate SiO2-stimulated pro-
duction of TGF-β. As shown in Fig. 2d, e, SiO2 treatment
for 24 h induced TGF-β expression in epithelial cells;
however, transfection with the Elk-1 NIC plasmid abolished
the SiO2-induced increase in TGF-β production. These

results indicated that Elk-1 was involved in SiO2-induced
EMT and TGF-β production.

ELK-1 mediated the functional changes in cells that
accompany EMT

Accumulating evidence suggests that functional changes in
cells are often seen as the first steps of EMT and the sub-
sequent pulmonary fibrosis responses; such changes include
cell viability, proliferation, mobility, and so on [12, 40, 41].
The activation of EMT-related cellular functions make it
possible for pulmonary alveolar cells to obtain mesenchy-
mal cell characteristics [42]. Increasing evidence has shown
that Elk-1 targets genes that encode proteins closely related
to cellular functions, such as ptgs2, hif1a, actb, and cdh3,
revealing that Elk-1 may be linked with EMT-related cel-
lular functions [25]. Thus, CCK8 experiments, BrdU
experiments, and a 3D culture migration system that facil-
itate the analysis of epithelial cell physiology under con-
ditions that resemble the in vivo environment were
performed to assess the functional relevance of the changes
in the ELK-1 expression. Our results showed that SiO2

dramatically promoted cell viability (Fig. 2c), proliferation
(Fig. 3b), and mobility (Fig. 3d, e). Under conditions of
functional activation of the cells, we further confirmed the
role of ELK-1 on functional changes induced by SiO2. As
shown in Fig. 3, the ELK-1 knockdown group suppressed
the increase in cell viability (Fig. 3a), proliferation (Fig. 3c),
and migration (Fig. 3d, e) induced by SiO2 treatment,
suggesting that ELK-1 mediated functional changes
accompanying EMT.

The relevance between ELK-1 and ZC3H4

Having shown that ZC3H4 played a critical role in EMT
induced by SiO2 (9), we were interested in the connection
between ELK-1 and ZC3H4 expression in MLE-12 and
BEAS-2B cells after SiO2 treatment. Thus, we first exam-
ined the expression of ZC3H4 protein and mRNA using
WB and qRT-PCR experiments, respectively, which
showed that under the condition of SiO2 treatment, knock
down of ELK-1 not only attenuated ZC3H4 protein level
but also decreased ZC3H4 mRNA level (Figs. 4a–c,
S3A–C), implying that ELK-1 mediated zc3h4 gene
expression at the transcriptional level. Concurrently, con-
sistent with the WB results, immunofluorescence staining
also confirmed that ZC3H4 expression in MLE-12 cells was
downregulated by the ELK-1 NIC plasmids (Fig. 4d). While
the results in Fig. 4e, f showed that downregulation of
ZC3H4 did not affect the ELK-1 expression, which sug-
gests that there is a strong possibility that ELK-1 is an
upstream transcription regulator influencing ZC3H4 protein
expression after SiO2 treatment.
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Fig. 3 ELK-1 mediates the related cell functional changes
accompanying EMT. a CCK8 assay showing CRISPR/Cas9-medi-
ated ELK-1 silencing inhibits the increased cell viability induced by
SiO2 in MLE-12 cells. n= 5; *p < 0.05 vs. the control group; #p < 0.05
vs. the SiO2 group. b Brdu positive-cell counting from five fields per
well demonstrating the effects of SiO2 on MLE-12 cells proliferation.
n= 5; *p < 0.05 vs. the 0-h group. c Brdu positive-cell counting from
five fields per well demonstrating that MLE-12 cells proliferation

induced by SiO2 is attenuated by ELK-1 silencing; n= 5; *p < 0.05 vs.
the control group; #p < 0.05 vs. the SiO2 group. d Representative
images demonstrating the SiO2-induced migration of RFP-labeled
MLE-12 cells cultured in a 3D matrix, which is abolished by ELK-1
silencing. Scale bar= 100 μm. e Quantification of the number of
migrated cells in the 3D migration from six independent experiments.
*p < 0.05 vs. the control NIC group. #p < 0.05 vs. the control NIC+
SiO2 group.
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ELK-1/ZC3H4 regulated EMT and TGF-β production

To further confirm the upstream and downstream roles
between ELK-1 and ZC3H4 in modulating EMT, ELK-1
ACT plasmids and ZC3H4 NIC plasmids were

cotransfected into MLE-12 and BEAS-2B cells. As shown
in Figs. 5a, b, S4A, B, EMT and TGF-β production induced
by upregulation of ELK-1 expression in MLE-12 and
BEAS-2B cells was abolished by treatment with the ZC3H4
NIC plasmid, indicating that ELK-1 regulated EMT and
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TGF-β production via the ZC3H4 protein. These findings
were confirmed by immunostaining (Fig. 5c).

ELK-1/ZC3H4 regulated cell functional changes

To investigate the effects of ELK-1/ZC3H4 on modulating
functional behaviors related to EMT, we used some func-
tional assays to assess the cotransfection systems. As shown
in Fig. 6, overexpression of ELK-1 increased cell viability
(Figs. 6a, S4C), proliferation (Figs. 6b, S4D), and migra-
tion ability (Fig. 6c, d) in pulmonary epithelial cells, and
these effects were significantly reversed by treatment with
ZC3H4 NIC plasmids.

Oxidative stress (OS) is involved in EMT via ELK-1
later expression

OS, which represents an imbalanced redox state resulting in
increased ROS production and decreased antioxidant abil-
ity, has been shown to be an important mediator of per-
sistent inflammatory and fibrotic responses not only
associated with the activation of transcriptional factors [43],
such as Elk-1, ATF-2, ATF-3, and c-Jun but also with
phenotypic changes to epithelial cells [44, 45], such as
EMT, cytokines production, proliferation ability, and
apoptosis. To evaluate the potential pathogenic mechanisms
induced upon silica treatment, the OS index, including ROS
levels, and the antioxidant indexes, including SOD and
GSH levels, were determined [31]. As shown in
Figs. 7a–c, S5A–C, MLE-12 and BEAS-2B cells incubated
with SiO2 for 24 h exhibited higher relative fluorescence
intensity, which indicated higher levels of ROS, whereas
the SOD and GSH activities were significantly reduced.
These results indicated that SiO2 disturbed the redox bal-
ance in epithelial cells. Compelling evidence highlights the

crucial role of ROS in EMT and cytokines secretion
engagement, so the antioxidant NAC was used to examine
the effects of OS on EMT and TGF-β production. The
dosage and time of NAC administration were based on the
manufacturers’ instructions and on previous studies
[46, 47]. As shown in Figs. 7d, e, S5D, E, pretreatment with
1 mM NAC markedly inhibited the effect of SiO2 on EMT
and TGF-β production. Moreover, a correlation has been
observed between changes in the phosphorylation status of
Elk-1 and cellular redox changes [48, 49]. Thus, we further
elucidated the potential relevance between the phosphor-
ylation level of Elk-1 and SiO2-induced OS in epithelial
cells. As shown in Figs. 7f, g, S5F, G, compared with the
peak time of the Elk-1 phosphorylation at the beginning
stage (30–60 min), p-Elk-1 in MLE-12 and BEAS-2B cells
were stimulated again to high levels by SiO2 treatment for
24 h, which seemed to imitate a later period of SiO2

administration. However, NAC significantly attenuated the
SiO2-induced p-Elk-1. Taken together, these results implied
that OS might act as an upstream regulator of the later
activation of Elk-1, stimulating EMT and TGF-β production
in silicosis.

Discussion

When the lungs are exposed to air containing free silica
particles for a long time, the pathologic processes of pul-
monary fibrosis begin with impairment and the subsequent
limited self-recovery of pulmonary epithelial cells [50, 51],
which are closely related to inflammatory cytokine secre-
tion, fibroblast gradual proliferation, and myofibroblast
activation. EMT, which is defined by a phenotypic con-
version that gives rise to matrix-producing fibroblasts and
myofibroblasts, takes part in the generation of new tissue
types at the embryonic development stage and plays a vital
role in the inflammatory response and wound healing pro-
cess in damaged tissues. EMT has also been reported to
engage in fibrogenesis in tissues such as the kidney [52],
heart [53], pulmonary [54], and liver fibrosis [12]. Con-
sistent with our previous findings, the results of this study
showed that compared with the control group, the expres-
sion level of the typical epithelial marker E-cad was
downregulated in epithelial cells of the silica-treated group;
at the same time, the expression level of the classical
mesenchymal phenotype COL1 was upregulated. These
abnormalities in protein expression point to increased EMT
in pulmonary fibrosis induced by silica. While, there is a
little research that focuses on the pathways or regulators
involved in EMT.

The structure of every TCF member is distinguished by
three conserved domains: the N-terminal, C-terminal, and
B-box regions. The N-terminus is the ETS domain, which

Fig. 4 The relevance between ELK-1 and ZC3H4. a Representative
western blots showing that downregulating ELK-1 inhibits SiO2-
induced increase in ZC3H4 expression in MLE-12 cells. b Densito-
metric analyses of ZC3H4 expression in MLE-12 cells (n= 5);
*p < 0.05 vs. the control group; #p < 0.05 vs. the SiO2 group.
c Expression of ZC3H4 mRNA, determined by quantitative RT-PCR,
is knocked down by ELK-1 NIC in MLE-12 cells; *p < 0.05 vs. the
ELK-1 control NIC group. d Representative immunofluorescence
staining images demonstrating that SiO2 decreases the expression of
E-cad and increased the expression of ZC3H4 in MLE-12 cells.
CRISPR/Cas9-mediated ELK-1 silencing attenuates the SiO2-induced
increase in ZC3H4 expression and ameliorated the SiO2-induced
decrease in E-cad expression. Scale bar= 20 μm. e Representative
western blots showing the effect of ZC3H4 NIC on SiO2-induced
ELK-1 expression in MLE-12 cells. f Densitometric analyses of five
independent experiments showing that ELK-1 expression is upregu-
lated in MLE-12 cells treated with SiO2 for 1 h under stimulation, and
CRISPR/Cas9-mediated ZC3H4 silencing has no effects on ELK-1
expression. *p < 0.05 vs. the control group.
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binds to DNA sequences; the B-box region is postulated to
be involved in interaction with SRF; and the C-terminal
transcriptional activation domain induces MAPK phos-
phorylation transduction [55]. ELK-1 is a member of the
TCF subfamily of ETS-domain transcription factors that
bind to target DNA sites together with an SRF [25]. The
DNA-binding activity of many ETS-domain transcription
factors is suppressed until appropriate triggers are in place,
including phosphorylation and interaction with a cor-
egulatory transcription factor. In addition, Elk-1 has a
repression domain that is modified by SUMO to keep it
inactivated. It has been postulated that SUMO recruitment
of histone deacetylases suppresses the transcriptional
activity of Elk-1. Phosphorylation-mediated transduction of

signaling pathways, such as the ERK pathway, assists with
the de-SUMOylation and p-Elk-1 and stimulates Elk-1 to
transition from a transcriptionally suppressive state to an
active form. In contrast to the extensive study of the
structure of Elk-1, the function of Elk-1 has received little
attention by other studies to this point [56]. Our findings
were the first to demonstrate that treating pulmonary epi-
thelial cells with SiO2 dramatically increased the p-Elk-1, as
well as its translocation from the cytoplasm to nucleus,
suggesting that SiO2 might mediate a kinase pathway to
activate Elk-1. Furthermore, genetic inhibition of Elk-1 with
Elk-1 NIC completely abrogated SiO2-mediated EMT, cell
proliferation and migration, suggesting a new function of
Elk-1 in epithelial cells and revealing that the activation of

Fig. 5 ELK-1 /ZC3H4
regulates EMT and TGF-β
production. a Representative
western blots showing the
effects of CRISPR/Cas9-
mediated ZC3H4 silencing
(ZC3H4 NIC) on EMT and
TGF-β production induced by
ELK-1 ACT in MLE-12 cells.
b Densitometric analyses of five
independent experiments
showing that CRISPR/Cas9-
mediated ZC3H4 silencing
attenuates the ELK-1 ACT-
induced increase in Col I
expression and TGF-β
production, while ameliorates
the ELK-1 ACT-induced
decrease in E-cad expression;
*p < 0.05 vs. the control group;
#p < 0.05 vs. the ELK-1 ACT
group. c Representative
immunocytochemistry images
demostrating that ELK-1 ACT
induces the expression of E-cad
and increased the expression of
Col I. CRISPR/Cas9-mediated
ZC3H4 silencing attenuates the
ELK-1 ACT-induced EMT in
MLE-12 cells. Scale bar=
20 μm.
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Elk-1 might have a significant role in the molecular
mechanisms of pulmonary fibrosis.

Accumulating evidence has demonstrated that OS is a
potent stimulator of EMT, proliferation, and apoptosis,
depending on the cell type and the concentration of oxygen
radicals [23]. A previous study reported that reactive oxy-
gen within certain concentrations promote the proliferation
and migration of cancer cells [57]. However, another report
indicated that OS is involved in EMT and apoptosis of
pulmonary epithelial cells [47]. Consistent with the

previous study [47], our results indicated that OS stimulated
pulmonary EMT induced by SiO2. Moreover, OS also
represents an important factor contributing to the differ-
ential activation of transcription factors. As many tran-
scription factors or their interactions are redox-regulated,
antioxidant intervention may affect their bioactivity [48].
Elk-1 was regarded as being responsible for SRE induction
in response to changes in the cellular redox status induced
by treatment with either the oxidant H2O2 or various
structurally unrelated antioxidants. Our studies provided

Fig. 6 ELK-1 /ZC3H4
regulates the cell functional
changes. a CCK8 assay
showing CRISPR/Cas9-
mediated ZC3H4 silencing
inhibits the increased cell
viability induced by ELK-1
ACT in MLE-12 cells. n= 5;
*p < 0.05 vs. the control group;
#p < 0.05 vs. the ELK-1 ACT
group. b Brdu positive-cell
counting from five fields per
well demonstrating that the
increased MLE-12 cells
proliferation induced by ELK-1
ACT is attenuated by
ZC3H4 silencing; n= 5;
*p < 0.05 vs. the control group;
#p < 0.05 vs. the ELK-1 ACT
group. c Representative images
demonstrating the ELK-1 ACT-
induced migration of RFP-
labeled MLE-12 cells cultured in
a 3D matrix, which is abolished
by ZC3H4 silencing. Scale bar
= 100 μm. d Quantification of
the number of migrated cells in
the 3D migration from six
independent experiments.
*p < 0.05 vs. the control group.
#p < 0.05 vs. the ELK-1
ACT group.
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evidence that at the initial stage, the Elk-1 phosphorylation
level was upregulated within 3 h of SiO2 treatment, and then
it returned to normal. However, at the later stage after SiO2

treatment for 24 h, SiO2 triggered a redox imbalance, which

led to the Elk-1 phosphorylation and resulted in an
enhanced EMT in epithelial cells.

Elk-1 is also well known as a crucial upstream driver that
modulates the transcriptional activation of some specific

Fig. 7 OS is involved in EMT via ELK-1 later expression.
a Quantitative results for intracellular ROS levels in MLE-12 cells are
determined by relative fluorescence intensity; n= 5; *p < 0.05 vs. the
control group. b SiO2 downregulates SOD activity (U/mg pro) and
GSH/GSSG (c); n= 5; *p < 0.05 vs. the control group. MLE-12 cells
are pretreated with NAC (1 mM) for 1 h before SiO2 stimulation for
24 h (d–g). d Representative western blots showing NAC inhibits
SiO2-induced increase in ZC3H4, Col I, and TGF-β expressions, while

reverses the SiO2-induced decrease in E-cad expression. e Densito-
metric analyses of the ZC3H4, Col I, TGF-β, and E-cad expression
(n = 5); *p < 0.05 vs. the control group. #p < 0.05 vs. the SiO2 group.
f Representative western blots showing the downregulated phosphor-
ylation of Elk-1 in the nucleus of MLE-12 cells pretreatmented with
NAC. g Densitometric analyses of Elk-1 phosphorylation (n= 5);
*p < 0.05 vs. the control group. #p < 0.05 vs. the SiO2 group.
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downstream genes through phosphorylation-mediated sig-
naling processes [58]. A recent study suggested that Elk-1
can directly activate the expression of the gene zc3h12a,
which encodes a protein, MCPIP1, that is engaged in the
pro-inflammatory response and fibrosis stage. The structure
of zc3h12a contains an Ets-binding site (binding site for
Elk-1) and a CArG box (binding site for the transcription
factor SRF), which serve as the basis for the regulation of
zc3h12a expression by ELK-1 and provide the necessary
conditions for triggering expression via the zc3h12a pro-
moter [26]. As expected, phosphorylated ELK-1 has been
reported to regulate zc3h12a gene expression by targeting
an SRF binding site in the promoter. ZC3H4 is another
member of the CCCH-type zinc finger protein family, and it
is critical for the activation and apoptosis of macrophages
and for the initiation of EMT after silica exposure [9, 27]. In
this study, we measured the expression of ZC3H4 protein
and found that it increased significantly after SiO2 treat-
ment, which was downregulated by Elk-1 inhibition,
whereas ZC3H4 NIC did not affect Elk-1 expression; these
data suggest that Elk-1 is the upstream regulator of ZC3H4
expression. In addition, knock down of ZC3H4 prevents
EMT, and it reduces cell viability, proliferation, and
migration induced by Elk-1, implying the interaction
between ELK-1 and ZC3H4 regulates EMT and related
functional changes in cells. These results demonstrated that

zc3h4 may contain a similar gene structure as MCPIP1,
suggesting that ELK-1 can control ZC3H4 expression.
Further experiments are needed to confirm the exact reg-
ulatory mechanisms between ELK-1 and zc3h4 gene
expression. For example, there may be an SRF binding site
or other ELK-1 binding sites on the zc3h4 gene promoter
that mediate the regulatory process, similar to what is found
in the zc3h12a gene promoter.

To our knowledge, the present study provide the first
evidence of the detailed molecular pathways involved in
SiO2-mediated EMT via ELK-1 with upstream activation of
OS and downstream activation of ZC3H4 signaling (Fig. 8).
These novel findings establish the possibility of using ELK-
1 as a potential target in the treatment of silicosis.
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