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Pulmonary Silicosis Alters MicroRNA Expression
in Rat Lung and miR-411-3p Exerts Anti-fibrotic
Effects by Inhibiting MRTF-A/SRF Signaling
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To identify potential therapeutic targets for pulmonary fibrosis
induced by silica, we studied the effects of this disease on the
expression of microRNAs (miRNAs) in the lung. Rattus norve-
gicus pulmonary silicosis models were used in conjunction with
high-throughput screening of lung specimens to compare the
expression of miRNAs in control and pulmonary silicosis tis-
sues. A total of 70 miRNAs were found to be differentially ex-
pressed between control and pulmonary silicosis tissues. This
included 41 miRNAs that were upregulated and 29 that were
downregulated relative to controls. Among them, miR-292-
5p, miR-155-3p, miR-1193-3p, miR-411-3p, miR-370-3p, and
miR-409a-5p were found to be similarly altered in rat lung
and transforming growth factor (TGF)-b1-induced cultured fi-
broblasts. Using miRNA mimics and inhibitors, we found that
miR-1193-3p, miR-411-3p, and miR-370-3p exhibited potent
anti-fibrotic effects, while miR-292-5p demonstrated pro-
fibrotic effects in TGF-b1-stimulated lung fibroblasts.
Moreover, we also found that miR-411-3p effectively reduced
pulmonary silicosis in the mouse lung by regulating Mrtfa
expression, as demonstrated using biochemical and histologi-
cal assays. In conclusion, our findings indicate that miRNA
expression is perturbed in pulmonary silicosis and suggest
that therapeutic interventions targeting specific miRNAs
might be effective in the treatment of this occupational disease.
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INTRODUCTION
Occupational exposure to silica dust particles remains a major cause
of pulmonary fibrosis.1 Although this form of pulmonary fibrosis can
largely be prevented by implementing strict occupational regulations,
it remains an important cause of respiratory morbidity and mortality
in many countries throughout the world, such as China and other
developing countries.2,3

MicroRNAs (miRNAs) are non-coding single-stranded RNA
molecules with a length of 20–24 nt. They play a key role in the
post-transcriptional regulation of a large number of genes.4 Indeed,
it is estimated that 60% of all transcripts are regulated by miRNAs,
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illustrating the essential role that miRNAs play in almost all physio-
logical and pathological processes.5 Because individual miRNAs tend
to influence the expression of many functionally related genes, it has
long been proposed that the targeting of specific miRNA species may
be a useful strategy to ameliorate disease.6 For example, specific miR-
NAs have been shown to regulate entire sets of fibrosis-related genes
in pulmonary fibrosis, and targeting these molecules has been shown
to reduce the severity of this disease in experimental models.7

To date, very little is known about the role of miRNAs in the patho-
genesis of pulmonary silicosis. However, studies have shown that
certain miRNAs are altered in lung tissues in some silicosis model sys-
tems.8,9 For example, Yuan et al.10 have shown that miR-542-5p at-
tenuates pulmonary silicosis by targeting integrin a6. And Yan
et al.11 have shown that miR-503 has similar effects by reducing the
epithelial-mesenchymal transition through a phosphatidylinositol
3-hydroxy kinase p85-dependent mechanism. Likewise, miR-19a-
19b-20a has been shown to suppress transforming growth factor
(TGF)-b1-induced activation of fibroblasts in both bleomycin- and
silica-induced pulmonary fibrosis models.12 In this study, we sought
to identify the full spectrum of miRNAs that are altered as a conse-
quence of pulmonary silicosis and to explore the consequences of
these changes on signaling pathways associated with this disease,
with the aim of identifying new putative therapeutic targets.13 Using
the inhalational model, we found that a large number of miRNAs
were differentially expressed after chronic exposure to silica dust,
including 41 miRNAs that were upregulated and 29 that were down-
regulated. Moreover, we found that 10 of the miRNAs demonstrating
the most significantly altered expression in lung tissues following
herapy: Nucleic Acids Vol. 20 June 2020 ª 2020 The Author(s). 851
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Figure 1. Silicosis in Rats Induced by Inhalation of SiO2

(A) H&E staining, VG staining, and a-SMA immunohistochemical (IHC) staining in rat lung (scale bars, 50 mm). (B) The increasing levels of Col I and a-SMA in silicotic rats

measured by western blot. (Data indicate mean ± SD; n = 6 independent experiments.)
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silica exposure also showed similar changes in primary lung fibro-
blasts induced with TGF-b1.

Activated lung myofibroblasts are a major contributor to the patho-
genesis of pulmonary fibrosis and are characterized by positive
expression of a-smooth muscle actin (a-SMA). The differentiation
of fibroblasts to myofibroblasts can be induced by TGF-b1 and is
associated with excessive extracellular matrix deposition.14,15 It has
been well documented that serum response factor (SRF) and its tran-
scription cofactor, myocardin-related transcription factor A (MRTF-
A), can regulate the expression of a-SMA at the transcriptional
level,16 and they have also been reported to promote the synthesis
of collagen type I (Col I) and play a key role in pulmonary fibrosis.17

In the present study, we found that many of the miRNAs differentially
expressed in pulmonary fibrosis had effects on myofibroblast differ-
entiation and the production of extracellular matrix in vitro. Addi-
tionally, using bioinformatics prediction analysis, we identified the
Mrtfa gene as a target of miR-411-3p. In further studies designed to
examine the connection between miR-411-3p and Mrtfa, we showed
that in vivo administration of miR-411-3p could significantly atten-
uate pulmonary silicosis in mice. Taken together, our findings indi-
cate that pulmonary silicosis has marked effects on the expression
of miRNAs in the lung and suggest that targeting specific miRNAs
could be effective in reducing morbidity and mortality in this occupa-
tional disease.
852 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
RESULTS
Silicosis Alters miRNA Expression in the Rat Lung

To determine the effects of pulmonary silicosis on the expression of
miRNAs in the lung, we exposed rats to aerosolized silica dust parti-
cles daily for 24 weeks. This model system readily induced fibrotic
remodeling in the lung typical of pulmonary silicosis, as has been re-
ported previously.18 This included the accumulation of large numbers
of silicotic lung nodules, extensive deposition of interstitial collagen,
and increased numbers of a-SMA-positive cells (Figure 1A). We also
found that Col I and a-SMA protein levels were significantly
increased in the lungs of these animals relative to those in controls
(p < 0.05; Figure 1B).

Having validated our model of pulmonary silicosis, we next examined
the effects of silicosis on the expression of miRNAs in the lung. Select-
ing only those miRNAs whose expression significantly differed from
that of control lung tissues (cutoff threshold of |log2(fold change)|R
1 and p < 0.05), we identified 70 miRNAs that were differentially
expressed in the silicotic lung. This included 41 miRNAs whose
expression was increased and 29 whose expression was decreased.
Clustering analysis and miRNA profiles are shown in Figure 2A
and Table S1, respectively, and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis is shown in Figure 2B. Gene
Ontology (GO) and KEGG pathway analyses for the top five upregu-
lated and downregulated miRNAs are shown in Figures 2C and 2D.



Figure 2. The Bioinformatics Analysis of Dyregulated miRNAs in Silicotic Rats

(A) The cluster analysis of miRNA profiles. (B) The KEGG pathway of upregulated miRNAs (left) and downregulated miRNAs (right). (C and D) The GO (C) and KEGG (D)

pathway analyses of regulated mRNAs by 10 top changes of miRNAs.
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MRTF-A Participates in Myofibroblast Differentiation in Silicosis

Transcription of the contractile protein a-SMA has been reported to
be mediated by the transcription factor SRF along with its co-acti-
vator, MRTF-A.19 In our previous study, we found that SRF levels
were elevated in silicotic rats and also in TGF-b1-treated lung fibro-
blasts.14 As shown in Figure 3, in this study, we also observed co-
expression of MRTF-A and a-SMA in silicotic lesions of rat lung
tissue, and this was associated with increased MRTF-A and SRF pro-
tein levels in silicotic lungs. In addition, the expression of MRTF-A
and SRF, as well as of Col I and a-SMA, were upregulated in lung fi-
broblasts induced by TGF-b1. Furthermore, knockdown of MRTF-A
by small interfering RNA (siRNA) suppressed Col I and a-SMA levels
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Figure 4. The Levels of miRNAs Identified in Rats or in Fibroblasts Measured by Fluorescent Quantitative Real-Time PCR

(A) The levels of miR-292-5p, miR-292-3p, miR-291a-3p, miR-155-3p, and miR-295-3p increased in silicotic rats accompanied with downregulation of miR-1193-3p, miR-

411-3p, miR-370-3p, miR-409a-5p, andmiR-433-3p. (B) The level of miR-155-3p was increased accompanied with reduced levels of miR-292-5p, miR-1193-3p, miR-411-

3p, miR-370-3p, and miR-409a-5p measured by quantitative real-time PCR. (Data indicate mean ± SD; n = 3 independent experiments.)
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in lung fibroblasts induced by TGF-b1. These results indicate that
MRTF-A plays a role in pulmonary silicosis and that it contributes
to myofibroblast differentiation induced by TGF-b1 by regulating
the key effector proteins Col I and a-SMA.
miRNA Expression Is Altered in the Silicotic Rat Lung and TGF-

b1-Induced Fibroblasts

To validate the findings from the high-throughput miRNA screen, we
used quantitative real-time PCR to examine the expression of the top
five upregulated and downregulated miRNAs in silicotic rat lungs and
TGF-b1-treated lung fibroblasts. As shown in Figure 4A, the quanti-
tative real-time PCR analysis confirmed the changes in expression of
these miRNAs in the lungs of silicotic rats, when compared with the
control group. Similar directional changes in the expression of
Figure 3. MRTF-A Participates in Myofibroblast Differentiation in Silicosis

(A) The co-expression of MRTF-A and a-SMA in lung of rats (scale bars, 100 mm). (B) P

mRNA levels and (D) protein levels of Col, a-SMA, SRF, and MRTF-A were increased i

blotting. (F) siRNA-MRTF-A reduced the levels of MRTF-A, COL I, and a-SMA. (Data in
various miRNAs were identified in cultured lung fibroblasts induced
by TGF-b1 (Figure 4B). This included a significant upregulation in
miR-155-3p and a significant downregulation in miR-292-5p, miR-
1193-3p, miR-411-3p, miR-370-3p, and miR-409a-5p (p < 0.05).
Taken together, these results suggest that changes in the miRNA
expression profile in pulmonary silicosis are, at least in part, down-
stream of TGF-b1 receptor activation.
miRNAs Regulate Extracellular Matrix Production and

Myofibroblast Formation

To assesswhether themiRNAs altered in pulmonary silicosis impact on
lung fibroblast behavior, we transfected cultured lung fibroblasts with
differentmiRNAmimics and inhibitors. As showed in Figure 5 and Fig-
ure 6, mimics of miR-292-5p, miR-155-3p, and miR-295-3p markedly
rotein levels of SRF and MRTF-A were increased in silicotic rats. (C and D) The (C)

n lung fibroblasts induced by TGF-b1. (E) The effective siRNA screened by western

dicate mean ± SD; n = 3 independent experiments.)
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Figure 5. The Mimics and Inhibitors of Upregulated miRNAs Regulate Col I and a-SMA in Lung Fibroblasts in FBS-free Medium

(A–E) The expressions of Col I and a-SMA in lung fibroblasts in FBS-freemedium and treated with mimics and inhibitors of (A) miR-292-5p, (B) miR-292-3p, (C) miR-291a-3p,

(D) miR-155-3p, and (E) miR-295-3p. (Data indicate mean ± SD; n = 3 independent experiments.)
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increased Col I expression, signifying an increase in extracellularmatrix
production. Moreover, we found that mimics of miR-292-5p, miR-
291a-3p, and miR-155-3p promoted myofibroblast differentiation, as
demonstrated by the increase ina-SMA expression. In contrast to these
findings, we found that mimics of miR-411-3p and miR-370-3p atten-
uated Col I levels, while mimics of miR-1193-3p, miR-411-3p, miR-
409a-5p, andmiR-433-3p inhibited a-SMA expression (p < 0.05), indi-
cating the antagonistic roles thatmiRNAsplay, and the intricate balance
in target gene expression they must maintain, in lung fibroblasts.

Next, we studied the effects of each miRNA on lung fibroblasts
cultured in the presence of TGF-b1. Consistent with findings in un-
stimulated cells, we found that mimics of miR-292-5p, miR-292-3p,
miR-291a-3p, and miR-155-3p increased Col I expression, whereas
mimics of miR-292-5p, miR-292-3p, miR-291a-3p, and miR-295-3p
promoted a-SMA expression in TGF-b1-treated lung fibroblasts
(Figure 7). Likewise, mimics of miR-1193-3p, miR-411-3p, miR-
370-3p, and miR-409a-5p attenuated Col I expression, while mimics
of miR-1193-3p, miR-411-3p, miR-370-3p, and miR-433-3p in-
hibited TGF-b1-induced a-SMA expression (p < 0.05; Figure 8).

miR-411-3p Inhibits TGF-b1-Induced Myofibroblast

Differentiation by Regulating Mrtfa

Given the aforementioned findings, we next searched for putative
targets of miR-411-3p using the TargetScan online prediction tool
856 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
(http://www.targetscan.org/vert_72/). TargetScan analysis identi-
fied Mrtfa as a potential target gene of miR-411-3p (Figure 9A).
To confirm that Mrtfa was, indeed, a target of miR-411-3p, we
performed luciferase reporter assays using the 30 UTR of Mrfta,
which harbors the putative miR-411-3p target site. As shown in
Figure 9B, cells co-transfected with the Mrtfa-30 UTR-WT (wild-
type) reporter plasmid and miR-411-3p mimic demonstrated
significantly reduced luciferase expression when compared with
cells transfected with this reporter and the miR-411-3p negative
control (p < 0.05). These findings indicate that MATF-A is a direct
target of miR-411-3p.

In addition to confirming Mrtfa as a target of miR-411-3p in re-
porter assays, we also found that treatment with miR-411-3p
mimic suppressed Col I, a-SMA, and MRTF-A mRNA levels in fi-
broblasts cultured with or without TGF-b1 (Figures 9C–9E).
Furthermore, MRTF-A protein expression was also reduced in
these cells (Figures 10A and 10B). mRNA and protein levels for
SRF were also reduced in unstimulated fibroblasts following treat-
ment with miR-411-3p mimic (Figures 9D and 10A). Conversely,
treatment with an miR-411-3p inhibitor resulted in an increase in
mRNA levels for Col I, a-SMA, and MRTF-A in fibroblasts
induced by TGF-b1 (Figure 9E) and an increase in the protein
expression of MRTF-A and SRF in these cells, regardless of
TGF-b1 treatment (Figures 10A and 10B).

http://www.targetscan.org/vert_72/


Figure 6. The Mimics and Inhibitors of Downregulated miRNAs Regulate Col I and a-SMA in Lung Fibroblasts in FBS-free Medium

(A–E) The expressions of Col I and a-SMA in lung fibroblasts in FBS-free medium and treated with mimics and inhibitors of (A) miR-1193-3p, (B) miR-411-3p, (C) miR-370-3p,

(D) miR-409a-5p, and (E) miR-433-3p. (Data are mean ± SD; n = 3 independent experiments.)
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miR-411-3p Attenuates Silica-Induced Pulmonary Fibrosis

In Vivo

Because miR-411-3p inhibited the expression of pro-fibrotic factors
in vitro, we next examined whether administering this miRNA could
ameliorate pulmonary silicosis in an experimental model of this dis-
ease. First, we confirmed by in situ hybridization that miR-411-3p
levels were decreased in silicotic lesions of rat lung tissues and also
verified similar reductions in mouse and human silicotic tissues using
normal lung tissues as a control (Figure 11).

Next, to assess the therapeutic potential of miR-411-3p in pulmonary
silicosis, we administered a miR-411-3p agomir to mice 1 week after
oropharyngeal instillation of silica dust. As showed in Figure 12A,
histological analysis revealed that lung fibrosis was attenuated by
miR-411-3p agomir treatment at day 14 after silica administration.
In situ hybridization also revealed a concomitant increase in miR-
411-3p levels in the lung tissue of mice that were treated with agomir
(Figure 12B). Moreover, we found that administration of miR-411-3p
agomir to mice markedly reduced mRNA and protein levels for
MRTF-A as well as a-SMA and Col I (Figures 12C and 12D). In addi-
tion, miR-411-3p agomir treatment improved the lung function of
mice exposed to silica (Figure 13). These results indicate that miR-
411-3p can also regulate MRTF-A in vivo and can exert potent
anti-fibrotic effects in the mouse lung.
DISCUSSION
In this study, we report on the miRNA expression profile associated
with pulmonary silicosis in the rat lung. Although several studies
have described changes in miRNAs in mouse models,8,9 our study
performed a detailed assessment of miRNA expression in a chronic
dust inhalation model that mimics the exposure and histological find-
ings in humans.13 From this work, we identified 70 miRNAs that are
differentially expressed in the silicotic rat lung when compared with
controls. Furthermore, we verified these findings through a variety
of approaches and also demonstrated similar changes for some of
these miRNAs in lung fibroblasts exposed to TGF-b1. Mechanistic
studies confirmed that many of these miRNAs are involved in regu-
lating extracellular matrix production and/or myofibroblast differen-
tiation, and we showed that miR-411-3p has potent anti-fibrotic
effects in vivo and in vitro.

Among the miRNAs dysregulated in our study are several that have
been shown to be involved in tissue fibrosis in other organs. For
example, miR-21-5p has been implicated as a serum biomarker in
patients with idiopathic pulmonary fibrosis.20 Moreover, miR-
146b-5p and miR-146b-5p have been shown to be upregulated in
various models of kidney injury,21 while miR-183-5p has been
shown to be a significant predictor of experimentally induced liver
fibrosis.22
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 857
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Figure 7. The Mimics and Inhibitors of Upregulated miRNA Regulates Col I and a-SMA in TGF-b1-Induced Lung Fibroblasts

(A–E) The expressions of Col I and a-SMA in lung TGF-b1-treated fibroblasts by transfecting with mimics and inhibitors of (A) miR-292-5p, (B) miR-292-3p, (C) miR-291a-3p,

(D) miR-155-3p, and (E) miR-295-3p. (Data indicate mean ± SD; n = 3 independent experiments.)
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Although the focus of our study was pulmonary silicosis, we believe
that our findings may have broader implications for the pulmonary
fibrosis field. This is because several of the miRNAs that were altered
in the silicotic lung were also altered in cultured fibroblasts exposed to
TGF-b1. Moreover, we have shown that mimics and inhibitors of
these miRNAs have profound effects on either extracellular matrix
production or myofibroblast formation.

Recently, amiR-292-5p inhibitor was shown to protect againstmyocar-
dial ischemia reperfusion injury through activation of the peroxisome-
proliferator-activated receptor signaling pathway.23 Also, miR-292-3p
was noted to be one of the most abundant miRNAs in syncytial-exo-
some-enriched extracellular vesicles.24 Embryonic stem cells have
been reported to package miR-291-3p into exosomes that demonstrate
anti-senescence activity upon transfer to human dermal fibroblasts,
thereby accelerating the excisional skin wound-healing process in
aged mice.25 In monocytes and macrophages induced by lipopolysac-
charide (LPS), a miR-155-3pmimic promoted increased levels of inter-
leukin (IL)-6.26miR-411-3p has been reported to suppress the hypoxia-
inducible factor 1a/vascular endothelial growth factor/p38pathwayand
to exert an anti-cancer role by promoting apoptosis and inhibiting cell
growth, invasion, and migration.27 A potential association between
miR-370-3p and pneumonia has been identified from studies in which
the normal human fibroblastWI-38 cell linewas inducedwith LPS.28 In
the present study, we provide preliminary experimental evidence for
858 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
roles for 10miRNAs in silicosis andfibroblast activation, following their
identification as the top differentially expressed genes in a rat model of
pulmonary silicosis. We have also identified target genes regulated by
these miRNAs that are associated with fibrosis-related signaling path-
ways, highlighting the potential utility of miRNA-based therapies in
the treatment of silicosis.

Myofibroblast differentiation, which is characterized by increased
cellular expression of a-SMA, is one of the causes of SRF-dependent
collagen deposition in silicosis.14 MRTF-A, functioning as a co-acti-
vator for the SRF-mediated transcription of CArG-box-containing
genes, plays a central role in fibroblast activation, myofibroblast dif-
ferentiation, and collagen deposition.29 MRTF-A also physically in-
teracts with the promoter of the COL1A1 gene to facilitate histone
acetylation and RNA polymerase II recruitment.30 In the present
study, we identified the 30 UTR of Mrtfa mRNA as a potential target
binding site for miR-411-3p, using the TargetScan online tool. Our
subsequent in vitro assays demonstrated that miR-411-3p is a nega-
tive regulator of TGF-b1-dependent lung fibroblast induction. Given
these findings, we examined the therapeutic effects of mir-411-3p
in vivo and found that it had potent anti-fibrotic effects, not only
reducing the histological and biochemical indicators of lung fibrosis
but also restoring physiological lung function in animals. We found
that miR-411-3p attenuated silicosis by regulating Mrtfa expression,
resulting in the downregulation of a-SMA and Col I protein levels.



Figure 8. The Mimics and Inhibitors of Downregulated miRNA Regulates Col I and a-SMA in TGF-b1-Induced Lung Fibroblasts

(A–E) The expressions of Col I and a-SMA in lung TGF-b1-treated fibroblasts by transfecting with mimics and inhibitors of (A) miR-1193-3p, (B) miR-411-3p, (C) miR-370-3p,

(D) miR-409a-5p, and (E) miR-433-3p. (Data indicate mean ± SD; n = 3 independent experiments.)
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In a previous study, we have demonstrated that miR-411-3p inhibits
lung fibroblast viability and migration induced by Smurf2/TGF-b1
signaling.31 Taken together, these findings provide strong support
for the notion of miRNA targeting as a therapeutic strategy in the
treatment of pulmonary silicosis.

Our study demonstrates that miRNA expression is significantly
altered in pulmonary silicosis and suggests that therapeutic ap-
proaches aimed at restoring miR-411-3p levels may be effective in
the treatment of this occupational lung disease. Whether targeting
other miRNAs identified in our study would have similar therapeutic
effects on pulmonary silicosis is a focus of future investigation.

MATERIALS AND METHODS
Animal Experiments

Three-week-old male Wistar rats, weighing approximately 80 g, were
purchased from Vital River Laboratory Animal Technology (Beijing,
China). Pulmonary silicosis was induced using previously described
methods.13 In brief, rats were placed in a HOPE MED 8050 exposure
apparatus (HOPE Industry and Trade, Tianjin, China) for 3 h/day for
24 consecutive weeks. Cabinet temperature, humidity and pressure
were set at 20�C–25�C, 70%–75%, and �50 to +50 Pa, respectively.
The oxygen concentration was maintained at 20%–23%, and the air
flow rate was set at 3.0–3.5 mL/min. SiO2 dust particle concentration
in the cabinet was 50 ± 10 mg/m3, with 80% of particles less than 5 mm
in size (S5631, Sigma-Aldrich). Rat lung tissues were harvested at
week 24 from the start of the protocol. All animal experiments were
approved by the Ethics Committee for Animal Experimentation of
North China University of Science and Technology (2013-038) and
were in accordance with the guidelines set by the National Institutes
of Health.

In vivo therapeutic studies usingmiR-411-3p were performed inmice.
Mice were divided into four groups: (1) control, (2) silica,32,33 (3) sil-
ica plus agomir-Negative control (NC), and (4) silica plus agomir
miR411-3P (n = 6 animals per group).31,34 In these studies, pulmo-
nary silicosis was induced by administering a one-time dose of SiO2

dust into the posterior oropharynx.35 Silica dust (5-mm silica particles,
S5631, Sigma-Aldrich) was administered at a concentration of
100 mg/kg. One week after silica dust administration, 0.05 mL control
(agomir-NC) or agomir miR411-3P (5 nmol/mL, RiboBio, Guangz-
hou,China) was administered by tail vein injection.31 Animals were
sacrificed at day 14 after silica administration, and harvested lungs
were then stored at �80�C for subsequent analysis.

Cell Culture Studies

Rat lung fibroblasts were cultured in 25 cm2 dishes in Dulbecco’s
modified Eagle’s medium (BI-SH0019, Biological Industries,
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 859
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Figure 9. miR-411-3p Inhibited Mrtfa in Lung Fibroblasts Activated by TGF-b1

(A) The schematic diagrams of the luciferase reporter construction.WT andmutant (Mut) 30 UTR ofMrtfa containing the binding sitewithmiR-411-3pwere inserted into pmir-GLO

vector. (B) 293T cells were transfectedwithmiR-411-3pmimics/miR-NC and the plasmid ofMrtfa-30 UTRMut/WT, and the relative luciferase activitywas significantly suppressed

bymiR-411-3pmimics in theMrtfa-30 UTRWTgroup. (C) The increasing level ofmiR-411-3p bymiR-411-3pmimics. (D andE) ThemRNA levels ofCol I,a-SMA,SRF, andMRTF-

A in (D) lung fibroblasts and (E) TGF-b1-induced lung fibroblasts transfected with miR-411-3p mimic/inhibitor. (Data indicate mean ± SD; n = 3 independent experiments.)
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Kibbutz Beit-Haemek, Israel) containing 10% fetal bovine serum
(FBS; 10099141, GIBCO, Thermo Fisher Scientific) and 1% peni-
cillin-streptomycin.14 Cell cultures were maintained at 37�C in
humidified chambers containing a mixture of 5% CO2 and 95% at-
mospheric air. Experiments were performed when cell cultures
reached 80% confluence. Transfection was performed according to
standard methods. Sequences for each miRNA or siRNA are shown
in Table S2. TGF-b1 was administered at a concentration of 5 ng/
mL (PHG9204, Invitrogen, Waltham, MA, USA).

miRNA Sequence Analysis

High-throughput screening for miRNAs was performed on control
and silicotic tissues. Total RNA was extracted with TRIzol reagent
(Invitrogen, Waltham, MA, USA) in accordance with the manu-
facturer’s recommendations. Proprietary adaptors (Illumina, San
Diego, CA, USA) were then bound to the 50 and 30 ends of small
RNAs, and reverse transcription was performed. Small cDNA li-
braries were generated by applying primers complementary to
860 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
the adaptor sequences. Denaturing polyacrylamide-gel electropho-
resis was performed to separate 18- to 40-nt-long RNAs from total
RNA samples by size fractionation. Deep sequencing was per-
formed on cDNA libraries using the HiSeq 2500 system (Illumina,
San Diego, CA, USA) at RiboBio (Guangzhou, China) as per the
manufacturer’s instructions. As an initial filtering step, unqualified
reads, 30 adaptor reads, reads with 50 adaptor contaminants, and
reads shorter than 15 nt were excluded. Post-filtering, sequences
were matched to the Rattus norvegicus (Norway rat) genome
applying the Burrow-Wheeler Aligner (BWA) procedure with a
common difference of two mismatches. The mapped sequences
were compared with the miRBase database (v.21; http://www.
mirbase.org/) to identify rRNAs, tRNAs, small nuclear RNAs
(snRNAs), and small nucleolar RNAs (snoRNAs). Sequence reads
were then categorized according to sequence similarity and aligned
to the miRBase database to identify conservative miRNAs. miRNA
expression levels were estimated by base mean value, and the
normalization process was realized by software. The fold change

http://www.mirbase.org/
http://www.mirbase.org/


Figure 10. miRNA-411-3p Inhibited MRTF-A in Lung

Fibroblasts Activated by TGF-b1

(A and B) The protein levels of SRF and MRTF-A in (A) lung

fibroblasts and (B) TGF-b1-induced lung fibroblasts trans-

fected with miR-411-3p mimic/inhibitor. (Data indicate

mean ± SD; n = 3 independent experiments.)
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in miRNA expression levels between groups was calculated by the
formula: fold change = |log2 (test RPM/control RPM)|, where RPM
refers to reads per million mapped reads. Only those miRNAs
demonstrating a |log2 (fold change)| R1 (p < 0.05) difference in
expression between samples were considered as differentially
expressed.

Quantitative Real-Time PCR Analysis

Reverse transcription (TakaRa, Clontech) was performed according
to the manufacturer’s instructions. Target amplification by quantita-
tive real-time PCR was carried out using the TB Green Premix Ex
Taq II (TakaRa, Clontech) system. Each 20-mL reaction contained
cDNA (2 mL), TB Green Premix Ex TaqII Mix (10 mL), and specific
forward and reverse miRNA primers (5 mM, 0.8 mL). Primer
sequence details are shown in Tables S3 and S4. Thermocycling
was conducted as follows: initial denaturation at 95�C for 30 s fol-
lowed by 40 cycles of denaturation at 95�C for 5 s and annealing at
60�C for 30 s. U6 snRNA was used as the internal reference for
miRNA, and GAPDH was used as the internal reference for Col
I, a-SMA, SRF, and MATF-A. The results were calculated using
the 2�DDCt method.

Analysis of Differentially Expressed miRNAs

Differentially expressed miRNAs were determined using the TargetS-
can program (http://www.targetscan.org/). Functional categories
were ascertained using GO analysis (http://www.geneontology.org)
and the KEGG pathway analysis (https://www.genome.jp/kegg/
pathway.html).
Molecular
In Situ Hybridization of miR-411-3p

Paraffin-embedded lung sections were dewaxed
and re-hydrated. Pepsinwas used to expose nucleic
acid fragments. Hybridization reactions were per-
formed overnight at 38�C–42�C using the miR-
411-3p probe sequence 50-GGTTA
GTGGACCGTGTTACATA-30. Sections were
washed several times and then incubated with
blocking solution. Digoxin-labeled biotinylated
antibody was applied for 2 h at 37�C, followed by
several washing steps. Cy3-labeled streptavidin-
biotin complex was then applied for 1 h at 37�C.
Visualization ofmiR-411-3p-stained cells was per-
formed using standard fluorescence microscopy.

Luciferase Reporter Assay

MRTF-A (MKL1), WT, and mutant (Mut) 30

UTRs were synthesized and cloned into the

Xhol/SalI restriction sites of the pmirGLO vector, downstream of
the Firefly luciferase reporter gene. The vector also contains a con-
trol Renilla luciferase gene for the normalization of the Firefly
luciferase signal. pmirGLO-MKL1-30 UTR-WT or pmirGLO-
MKL1-30 UTR-Mut constructs were transfected into 293T cells us-
ing Lipofectamine 2000 Reagent (Thermo Fisher Scientific, Wal-
tham, MA, USA). Cells were lysed at 48 h post-transfection, and
luciferase activity was then measured using the Dual-Luciferase
Reporter Assay System (Promega, E1910, Madison, WI, USA).
Firefly luciferase activity was normalized to that of Renilla lucif-
erase. All assays were performed in triplicate. Ratios of Firefly
luciferase and Renilla luciferase relative light unit (RLU) values
were used for comparisons between treatment groups.

Histology and Immunostaining

Lung tissues were stained with hematoxylin and eosin (H&E), Van
Gieson’s solution (VG), or Sirius red for the semiquantitative anal-
ysis of collagen levels. Immunostaining was performed according
to published methods.14,18 In brief, dewaxed tissue sections were
treated with 0.3% H2O2 to quench endogenous peroxidases and
then subjected to antigen retrieval using a high-pressure method.
Samples were incubated overnight at 4�C with a primary antibody
against a-SMA (ab32575, Abcam), followed by incubation with a
secondary antibody (PV-6000, Beijing Zhongshan Jinqiao Biotech-
nology, Beijing, China) at 37�C for 30 min before the application
of 3,30-diaminobenzidine tetrahydrochloride substrate (ZLI-9018,
ZSGB-BIO, Beijing, China). Brown staining, signifying a-SMA-
positive cells, was visualized by light microscopy. Co-staining of
Therapy: Nucleic Acids Vol. 20 June 2020 861
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Figure 11. The Location of miR-411-3p in Lung Tissue Observed with In Situ Hybridization

Nuclear was stained by DAPI (blue), andmiR-411-3pwasmarked byCy3 (red) in immunofluorescence staining. H&E staining indicated themorphological change at the same

location of immunofluorescence staining (scale bars: rat control, 100 mm; rat silicosis, 100 mm; human silicosis, 500 mm; mouse control, 100 mm; mouse silicosis, 100 mm).
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a-SMA and MATF-A was performed according to our previously
published method18 using primary antibodies against a-SMA
(ab7817, Abcam) and MATF-A (A12598, ABclonal).

Western Blotting

Western blotting was performed according to standard protocols us-
ing a Bicinchonininc acid (BCA) protein concentration determina-
tion kit (70-PQ0012, MultiSciences) and primary antibodies against
Col I (ab34710, Abcam), a-SMA (ab32575, Abcam), SRF (AF6160,
Affinity), MATF-A (A12598, ABclonal), and a-tubulin (sc-53029,
Santa Cruz Biotechnology).13,18 Membranes were probed with a
peroxidase-conjugated, affinity-purified secondary antibody to rab-
bit/mouse IgG (H+L, 074-1506/074-1806, Kirkegaard and Perry Lab-
oratories, Gaithersburg, MD). Target bands were visualized by the
addition of ECL Prime Western Blotting Detection Reagent
862 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
(RPN2232, GE Healthcare, Hong Kong, China). The expression of
proteins of interest was normalized to that of the a-tubulin control.

Lung Function

Respiratory parameters were assessed in whole-body plethysmograph
chambers (Buxco FinePointe Whole Body Plethysmography, Buxco
Research Systems, St. Paul, MN, USA) according to published
methods.36 In brief, rats were placed in the chambers and allowed
to acclimatize for 10 min before measurements were performed (res-
piratory parameters are shown in Table S5). Lung function in mice
was normalized to body weight.37

Statistical Analyses

The SPSS v.22.0 software package (SPSS, Chicago, IL, USA) was
used to perform statistical analyses. All results are presented as



Figure 12. Agomir of miR-411-3p Inhibited Silicosis in Mice Exposed to Silica

(A) H&E, Sirius red staining, and positive expression of a-SMA showed silicotic lesions induced by SiO2 in the silica and the silica+agomir-NC groups. Treatment with agomir

miR-411-3p could reduce silicotic lesions compared to the silica+agomir-NC group (scale bars, 50 mm). (B) The miR-411-3p expression was shown by in situ hybridization

(scale bars, 100 mm). (C) The level of miR-411-3p was reduced in the silica and the silica+agomir-NC groups and was increased in the agomir miR-411-3p group. The mRNA

levels of Col I, a-SMA, SRF, and MRTF-A were increased in the silica and the silica+agomir-NC groups and were decreased in the agomir miR-411-3p group. (D) The protein

levels of Col I, a-SMA, SRF, and MRTF-A were increased in the silica and the silica+agomir-NC groups and were decreased in the agomir miR-411-3p group. (Data indicate

mean ± SD; n = 6 independent experiments.)
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mean ± standard deviation (SD). Analysis of variance (ANOVA)
was performed when comparing more than two groups, using
the least significant difference test where variance was constant
and Tamhane’s test where variance was unequal. The independent
samples t test was used to compare the means of two groups. Sta-
tistical significance was set at p < 0.05, with a 95% confidence
interval.
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Figure 13. Agomir of miR-411-3p Regulated Lung Function in Mice Exposed to Silica

Agomir of miR-411-3p upregulated the level of Rpef and downregulated the level of EEP, PAU, and Penh. (Data indicate mean ± SD; n = 6 independent experiments.)
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