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MicroRNA-29b Mediates Lung
Mesenchymal-Epithelial Transition and Prevents
Lung Fibrosis in the Silicosis Model
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Lung epithelial-mesenchymal transition (EMT) plays an
important role in silicosis fibrosis. The reverse process of
EMT is mesenchymal-epithelial transition (MET), which is
viewed as an anti-EMT therapy and is a good target toward
fibrosis. MicroRNAs (miRNAs) have emerged as potent regula-
tors of EMT and MET programs, and, hence, we tested the
miRNA expression using microarray assay and investigated
their roles in silica-induced EMT in lung epithelial cells. We
found that miRNA-29b (miR-29b) was dynamically downregu-
lated by silica and influenced the promotion of MET in RLE-
6TN cells. Furthermore, delivery of miR-29b to mice signifi-
cantly inhibited silica-induced EMT, prevented lung fibrosis,
and improved lung function. Together, our results clearly
demonstrated that miR-29b acted as a novel negative regulator
of silicosis fibrosis-inhibited lung fibrosis, probably by promot-
ing MET and by suppressing EMT in the lung. These findings
may represent a new potential therapeutic target for treating
silicosis fibrosis.
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INTRODUCTION
Silicosis is an occupational disease that is caused by inhalation of crys-
talline silica and is characterized by silicotic nodules and lung fibrosis.
The pathogenesis of silicosis involves an initial immune response, fol-
lowed by injury to the alveolar cells, expansion and activation of fibro-
blasts, and, ultimately, the deposition of the extracellular matrix
(ECM). Despite the long-standing and continuing efforts from the
World Health Organization and many countries to try to eliminate
silicosis, many new clinical cases relating to silicosis fibrosis continue
to emerge,1 especially in developing countries. Currently, there is no
effective therapy to delay the progress of silicosis, which can progress
after exposure to silica has ceased.2 For this reason, it is necessary to
investigate the complex molecular mechanisms that underlie the
disease.

The proliferation and accumulation of fibroblasts are considered to be
vital in the development of pulmonary fibrosis diseases.3 A large pro-
portion of data implicates that epithelial cells undergoing the process
of epithelial-mesenchymal transition (EMT) is one source of fibro-
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blasts.4,5 During EMT, epithelial cells gradually lose their epithelial
characteristics and transform into a mesenchymal-like cell pheno-
type, which begins to synthesize the components of ECM, such as
collagen I and fibronectin. Among the extracellular cytokines that
activate EMT, transforming growth factor b (TGF-b) is known to
be the main inducer. The TGF-b-signaling pathway is most likely
to be the best-characterized pathway that can activate key regulators
like Snail to subsequently trigger EMT.6 Our previous study revealed
that EMT and the activating TGF-b pathway were closely associated
with silicosis fibrosis.7,8 The reverse process of EMT is mesenchymal-
epithelial transition (MET), in which epithelial characteristics are re-
acquired.9 MET is viewed as an anti-EMT therapy and a good target
for treating fibrosis. The mechanisms underlying MET and EMT are
complicated due to the fact that many transcription factors and
signaling pathways can initiate them.10 Recent research shows that
microRNAs (miRNAs) act as important regulators of MET and
EMT programs by targeting the key proteins that regulate these
processes.11

miRNAs are short (22-nt), non-coding, and single-stranded RNAs.
They function by suppressing each target through complementary
binding to the 30 UTR of the target gene, resulting in mRNA degrada-
tion and translational repression. Several studies have identified that
miRNAs are involved in pulmonary fibrosis. Furthermore, studies
have shown that the initial injury of epithelial cells initiates upregula-
tion of pro-fibrotic miRNAs and downregulation of anti-fibrotic miR-
NAs, which regulate EMT and MET in epithelial cells. The previous
research has found that reducing the miR-200 family resulted in
increased levels of ZEB1/2 and promoted the EMT progression, while
uthor(s).
//creativecommons.org/licenses/by-nc-nd/4.0/).
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an upregulation of miR-200 inhibited EMT or enhanced MET.12

Some scholars observed that let-7d was downregulated in TGF-
b-induced EMT in lung epithelial cells and the downregulation of
let-7d caused EMT in the lungs of mice.13 Although these miRNAs’
exact roles in EMT or MET remain to be explored, several miRNA-
targeted therapies have reached clinical developments. An example
of such a miRNA-targeted therapy is miR-200 mimics, which provide
an attractive therapeutic strategy for diabetes.14 The ability of miR-
NAs to target multiple mRNAs altered in diseases makes these miR-
NAs candidates as therapeutics potential or suggests their use as
targets of therapeutics. For this reason, we explored the miRNA
alteration in silicosis fibrosis and intended to find a candidate
miRNA.

Here we performed a large-scale screen for miRNAs potentially
involved in silicosis fibrosis. Using the silica-induced EMT model
in vitro, we revealed that miRNA-29b (miR-29b) was among those
most significantly reduced miRNAs. This reduction in vitro and
in vivo correlated with EMT progression and increased expression
of ECM-related genes. Moreover, we found that upregulation of
miR-29b promoted MET, prevented EMT, and inhibited the expres-
sion of ECM-related genes. Meanwhile, downregulation of miR-29b
enhanced EMT and upregulated ECM-related genes. Together, our
study supports a role for miR-29b in the pathogenesis of silicosis
fibrosis, and it suggests that miR-29b may be a candidate therapeutic
target in silicosis.

RESULTS
Silica Induced an EMT Profile and Downregulated miR-29b

Expression in AEII Cell Lines

We have previously shown that silica induced EMT in vivo and
in vitro,15,16 and we re-verified the EMT model induced by silica
in A549 cells (a type of AEII cell line). The cells were treated
with increasing concentrations of silica, ranging from 25 to
100 mg/mL. The MTT ((4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-
2-H-tetrazolium bromide) assay indicated that the viability of
A549 cells was reduced with the increasing doses of silica, and
50 mg/mL silica showed the highest cytotoxicity at 48 hr (Fig-
ure 1A). Furthermore, we tested the expression of the mesenchymal
marker (vimentin) and the most important transcriptional factor of
EMT (Snail) using western blot. Silica exposure resulted in the
increased expression of vimentin and Snail (Figure 1B) in a dose-
dependent manner, peaking at 50 mg/mL. We also assessed the
expression of EMT markers using immunofluorescence staining.
The analysis confirmed the above results of vimentin. It showed
that the levels of vimentin increased in cytoplasm with the
increasing doses of silica and reached the highest at 50 mg/mL.
The expression of the epithelial marker E-cadherin was observed
mainly in the cell membrane in the control group, but after the
addition of silica it was downregulated with the increase of silica
and mainly expressed in the cytoplasm (Figure 1C). Silica also pro-
moted the migration of A549 cells, which is shown in Figure 1D.
The data suggested that 50 mg/mL silica induced an EMT profile
in A549 cells.
Recent studies have shown that miRNA is very important in EMT and
fibrosis diseases.17,18 Thus, miRNA microarray was performed in sil-
ica-induced EMT. Based on preliminary studies, we used 50 mg/mL
silica to induce EMT in the silica group. As shown in Figure 1E, in
the silica group, silica infusion resulted in a significant downregula-
tion of miR-200c, miR-149, and miR-29b. We have previously
demonstrated that miR-29b displayed anti-fibrotic functions, down-
regulating collagen expression in silica-treated lung fibroblast cells,19

but the exact role of miR-29b in epithelial cells was not clear, so we
focused on silica-downregulated expression of miR-29b. It was
further confirmed by qPCR (Figure 1F).

To confirm the vital functions ofmiR-29b in epithelial cells, we verified
the above results in RLE-6TN cells, another type of AEII cell line.
Exposure of RLE-6TN cells to silica for 48 hr also resulted in EMT
and a decrease in miR-29b gene expression (Figure 2). The
morphology of RLE-6TN cells changed from a typical epithelium to
themesenchymal spindlemorphology (Figure 2A; Figure S1).Western
blot revealed that silica induced the downregulation of E-cadherin and
the upregulation of vimentin (Figure 2B). qPCR analysis showed the
mRNA expression of E-cadherin (CDH1) was significantly reduced
(p < 0.01), whereas vimentin and a-SMA dramatically increased in
the silica group (p < 0.01) (Figure 2C). Meanwhile, the expression of
miR-29b was downregulated obviously in the silica group (Figure 2D).

Above all, the results revealed that silica induced EMT and a down-
regulation of miR-29b expression in AEII cell lines.

miR-29b Mimics Promoted MET and Reversed EMT in RLE-6TN

Cells

Cushing et al.20 attributed the upregulation of pro-fibrotic genes to the
downregulation of miR-29. However, the role of miR-29b in EMT and
MET was not fully illustrated. To investigate whether miR-29b was
able to reverse EMT and induce MET, we delayed the transfection
of miR-29b mimics until EMT was established, and then we analyzed
the levels of E-cadherin, vimentin, and a-SMA genes as well as the
protein expressions of E-cadherin and vimentin in RLE-6TN cells.
We first examined the efficiency of transfection by fluorescently
labeled miR-29b mimics (Figure 3A). The transfection of miR-29b
mimics markedly increased miR-29b levels (Figure 3A). miR-29b
mimics induced the upregulation of CDH1 expression and downregu-
lation of the expression of VIM (vimentin gene) and a-SMA (Fig-
ure 3B). Snail, one of the most important transcriptional repressors
of E-cadherin, was upregulated by silica in our previous study.8 Inter-
estingly, the gene of Snail (snai1) was not altered after the addition of
miR-29b mimics (Figure 3C). The protein ratio of E-cadherin:vimen-
tin was also evaluated, as it was found to correlate significantly with
EMT status. The analysis showed that the ratio was elevated in the
silica + miR-29b mimic group compared with the silica + negative
control (NC) group (Figure 3D), suggesting that miR-29b promoted
MET and inhibited EMT.

Moreover, we were able to confirm these results with the classical
EMT model (Figures 3E–3H), in which TGF-b1 was used to replace
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Figure 1. Silica Induced EMT and Alterations of miRNA Expression in A549 Cells

(A) Cytotoxicity of silica in A549 cells. The cells were treated with different concentrations of silica (25, 50, and 100 mg/mL). Cell viability was defined as 100%when cells were

culturedwith DMEMonly. (B)Western blot analyses revealed that the protein expression of vimentin and Snail was upregulated gradually alongwith increased levels of silica in

A549 cells. (C) Immunofluorescence staining for E-cadherin (red) and vimentin (green) confirmed that silica induced EMT in A549 cells. (D) The wound-healing assay showed

that silica inducedmigration of A549 cells. (E) miRNAmicroarray showed that the expressions of miR-200c, miR-149, andmiR-29b were significantly downregulated in A549

cells treated with 50 mg/mL silica. (F) The results of qPCR confirmed that the level of miR-29bwas significantly decreased in A549 cells. All results were replicated at least three

times independently. The data are presented as means ± SD. *p < 0.05 and **p < 0.01 versus the control group.
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silica treatment. Based on previously published studies, we used
5 ng/mL TGF-b1 to induce EMT in RLE-6TN cells. As shown in Fig-
ure 3E, after TGF-b1 treatment for 48 hr, downregulation of CDH1
was accompanied by an upregulation of a-SMA and COL1A1
(collagen I gene) (Figure 3E). TGF-b1 also decreased the level of
miR-29b (Figure 3F). However, miR-29b mimics significantly
suppressed the expression of VIM, a-SMA, COL1A1, and Tgfb1
(TGF-b1 gene) (Figure 3G) and elevated the protein ratio of E-cad-
herin:vimentin (Figure 3H). It showed that miR-29b mimics pro-
moted MET and reversed EMT in RLE-6TN cells.

miR-29b Inhibitor Led to the Development of EMT in RLE-6TN

Cells

To comprehensively illustrate the mechanism of miR-29b, we estab-
lished cells that suppressed miR-29b by transiently transfecting with
the miR-29b inhibitor (Figure 4A). The downregulation of miR-29b
increased the levels of COL1A1 and snai1, induced by silica (Figures
22 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
4B and 4C). Furthermore, compared with the silica + inhibitor NC
group, the protein ratio of E-cadherin:vimentin declined in the silica +
miR-29b inhibitor group (Figure 4D), indicating the development of
EMT. It suggested that the increase of Snai1 after the knockdown of
miR-29bwas associated with the enhanced EMTbymiR-29b inhibitor.

In the TGF-b1-induced EMT model, the downregulation of miR-29b
resulted in an increase in VIM, a-SMA, and COL1A1, whereas CDH1
dramatically decreased (Figure 4E). The effect of miR-29b inhibitor
on the ratio of E-cadherin:vimentin showed to be similar to the sil-
ica-induced EMT model (Figure 4F). It showed that miR-29b inhib-
itor led to the development of EMT in RLE-6TN cells.

miR-29b Inhibits EMT and Pulmonary Fibrosis, Resulting in Lung

Function Improvement in a Mouse Model of Silicosis Fibrosis

Wesubsequently decided to confirmwhethermiR-29b has a therapeu-
tic effect in amousemodel of silicosisfibrosis. To investigate the effects



Figure 2. Silica (50 mg/mL) Induced EMT and the

Downregulation of miR-29b in RLE-6TN Cells

(A) The RLE-6TN cells showed a typical epithelial

cuboidal shape in the control group and spindle-shaped

morphology in the silica group. (B) Western blot ana-

lyses showed that, in the silica group, the protein

expression of E-cadherin was downregulated and vi-

mentin expression was upregulated. (C) The results of

qPCR revealed that silica obviously decreased the level

of CDH1 and increased the levels of VIM and a-SMA.

(D) The results of qPCR verified that the level of miR-29b

was decreased in the silica group. All results were

replicated at least three times independently. The data

are presented as means ± SD. *p < 0.05 and **p < 0.01

versus the control group.
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ofmiR-29b in vivo, micewere administered agomir-29b, whichwas far
more stable in vivo than miRNA mimics. The dose did not produce
any signs of discomfort in the mice. The mice in the control and silica
groups were injected with an equal volume of saline, while silica + NC
mice were administered with agomir NC at a dose of 5 nmol. Themice
were sacrificed on the 28th day. By real-time PCR analysis, we detected
that silica largely decreased miR-29b in the lung after silica instillation
for 28 days. In contrast, the mice injected with the agomir-29b ex-
hibited an obvious increase of miR-29b in the lungs (Figure 5B). We
also detected the expression of miR-29b in the lungs by fluorescence
in situ hybridization (FISH). The assay showed that silica decreased
the level of miR-29b but agomir-29b significantly upregulated the
expression of miR-29b in the cell nucleus (Figure 5C). These results
revealed that agomir-29b upregulated the expression of miR-29b in
the lungs of mice instilled with silica.

Next,we examined thepreventive role ofmiR-29bonEMT,pulmonary
fibrosis, and functional injury in response to the silica. Silica induced an
evident EMT at day 28, as shown by the decrease of CDH1, whereas it
increased theVIManda-SMA.With that said, in vitro, upregulation of
miR-29b blocked silica-induced EMT by restoring CDH1, whereas it
clearly inhibited the expression of VIM and a-SMA (Figure 6A). In
parallel to the in vitro study, upregulation of miR-29b did not affect
the level of Snai1 (Figure 6B). Immunofluorescence confirmed the
above-mentioned results at the protein level. The alveolar epithelial
cells (arrows) in the lungs of the silica and silica + NC groups stained
positive (green) for vimentin, whereas agomir-29b-treated mice did
not express clear positive staining (Figures 6C and 6D).

H&E andMasson staining revealed that there were thickened alveolar
septa, increased numbers of cell nodules, as well as areas of blue stain-
Molecular T
ing, which indicated the presence of collagen
in the mice instilled with silica receiving no
treatment or agomir NC, while agomir-29b
decreased lung fibrosis significantly, as evi-
denced by the thickness of the alveolar septum,
the decreased number of cell nodules, and the
area of the blue fibers (Figure 7A). Similarly,
the areas of the blue stain were calculated; it showed a significant
decrease in agomir-29b-treated lungs (Figure 7B). Hydroxyproline
assessment presented that silica induced an obvious increase in the
lung, however, agomir-29b treatment blunted this effect (Figure 7C).
Furthermore, silica instillation resulted in a significant increase in
COL1A1 and FN (fibronectin gene) expression, which was also
decreased with miR-29b treatment (Figure 6A).

In addition to using traditional methods to assess the progression of
respiratory disease, we also evaluated the impact of silica and agomir-
29b on lung function by the forced oscillation technique (FOT). The
flexiVent FX system, including the basic model of total lung capacity
(TLC), Snap Shot, Prime wave, and pressure-volume (PV) loop, was
applied to measure the lung function of the mice. To evaluate the re-
sults objectively, the data from the mice in the silica, silica + NC, and
silica + agomir-29b groups were compared to the reference value
from the normal mice. Overall mechanics of the respiratory system
were assessed using the Snap Shot module. Inspiratory capacity
(IC), normalized to body weight, from the mice in the three groups
appeared similar (Figure 8A). Silica increased elastic resistance
(Ers) and respiratory resistance (Rrs) (Figures 8B and 8C) and signif-
icantly reduced respiratory system static compliance (Crs), as
compared to the reference value (Figure 8D). Those of the silica +
NC mice displayed a similar change to the silica mice, and agomir-
29b weakened the change induced by silica.

The Prime wave module was further used to distinguish between
airway resistance and lung resistance. Newtonian airway resistance
(Rn [central airway resistance]) (Figure 8E) and the ratio of tissue
damping and tissue elastance (G:H) (Figure 8H), from the mice in
the silica group, were increased as compared to the corresponding
herapy: Nucleic Acids Vol. 14 March 2019 23
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Figure 3. miR-29b Mimics Promoted MET and Reversed EMT in RLE-6TN Cells

After being incubated with silica (TGF-b1) for 24 hr, the RLE-6TN cells were incubated with silica (TGF-b1) in addition to miR-29bmimics or mimic negative control (NC) for an

additional 24 hr. (A) The transfection efficiency was greater than 80% of the RLE-6TN cells transfected with Cy3-labeled miR-29b mimics, and qPCR analysis revealed that

miR-29b mimics markedly increased the level of miR-29b in RLE-6TN cells. (B) qPCR analysis showed that miR-29b mimics increased the level of CDH1 and decreased the

levels of VIM and a-SMA. (C) The results of qPCR suggested that miR-29b mimics did not alter the level of snai1. (D) Western blot analysis revealed that miR-29b mimics

increased the ratio of E-cadherin:vimentin significantly in RLE-6TN cells. (E) TGF-b1 induced the downregulation of CDH1 expression and upregulation of VIM and a-SMA in

RLE-6TN cells. (F) TGF-b1 induced the downregulation of miR-29b. (G) qPCR analysis showed that miR-29b mimics decreased the levels of VIM, a-SMA, COL1A1, and

Tgfb1 compared with the TGF-b1 + mimic NC group. (H) Western blot analysis confirmed that miR-29b mimics increased the ratio of E-cadherin:vimentin significantly in the

classical EMTmodel. All results were replicated at least three times independently. The data are presented as means ± SD. *p < 0.05 and **p < 0.01 versus the control group;
#p < 0.05 and ##p < 0.01 compared with the silica or TGF-b1 + mimic NC group.
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reference value. In contrast, in the agomir-29b-treated mice, H was
significantly increased compared with the silica and silica + NC
mice (Figure 8G), resulting in a significantly decreased G:H compared
to the silica and silica + NC mice (Figure 8H). Furthermore, these an-
imals from the silica + agomir-29b group also showed a significant
decrease in Rn in comparison to the silica + NC group (Figure 8E).

The PV loop model was specifically estimated by measurements of
static compliance (Cst) and Salazar-Knowles equation parameters
A and K (Figures 8I–8K). It was an effective and rapid way to differ-
entiate fibrosis or other lung damages. The PV loops of mice in the
silica group showed a characteristic downward shift, indicative of
lung fibrosis, while that of agomir-29b mice displayed a typical up-
ward shift, compared to the silica and silica + NC mice (Figure 8L).
The area of the PV loop indicated that silica decreased the elastic
recoil of the lung, while agomir-29b significantly increased the elastic
24 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
recoil (Figure 8L). Consistent with IC, Cst from the silica group was
unchanged compared to the reference value; however, Cst increased
quite clearly in the silica + agomir-29b group as compared to the silica
and silica + NC groups (Figure 8I). Overall, the analysis of respiratory
mechanic parameters confirmed that silica resulted in damage to the
respiratory function and agomir-29b could reduce the lung damage.

Taken together, these results suggested that, in vivo, miR-29b in-
hibited EMT, prevented lung fibrosis, and improved lung function,
which was consistent with changes in vitro. Furthermore, miR-29b
resulted in decreased pulmonary collagen and the expression of
mesenchymal markers, but it increased the level of epithelial markers.

DISCUSSION
In the present study, we investigated the potential role of miRNAs
in silicosis fibrosis. This study showed that a loss of miR-29b was



Figure 4. miR-29b Inhibitor Enhanced the Development of EMT in RLE-6TN Cells

After silica (TGF-b1) treatment for 24 hr, the RLE-6TN cells were incubated with silica (TGF-b1) plus miR-29b inhibitor or inhibitor NC for another 24 hr. (A) The transfection

efficiency was greater than 80% of the RLE-6TN cells transfected with Cy3-labeled miR-29b inhibitor, and qPCR analysis revealed that miR-29b inhibitor markedly

decreased the level of miR-29b in RLE-6TN cells. (B) qPCR analysis showed that miR-29b inhibitor increased the level of COL1A1 compared with the silica + inhibitor NC

group but did not alter the levels of CDH1 and VIM. (C) qPCR for snai1 revealed similar results as with COL1A1. (D) miR-29b inhibitor decreased the ratio of E-cadher-

in:vimentin. (E) The results of qPCR showed that miR-29b inhibitor downregulated the expression of CDH1 but upregulated the expression of VIM, a-SMA, and COL1A1 in

the TGF-b1 EMT model. (F) miR-29b inhibitor also decreased the ratio of E-cadherin:vimentin in the TGF-b1 EMT model. All results were replicated at least three times

independently. The data are presented as means ± SD. *p < 0.05 and **p < 0.01 versus the control group; #p < 0.05 and ##p < 0.01 compared with the silica or TGF-b1

inhibitor NC group.
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associated with silica-induced EMT, pulmonary fibrosis, and respira-
tory function injury, whereas upregulation of miR-29b was capable of
promoting MET, inhibiting EMT and lung fibrosis, as well as
improving lung function. The findings suggested that miR-29b has
therapeutic potential for silicosis fibrosis.

The miR-29 family is one of the most extensively studied miRNAs.21

Previous studies have revealed that miR-29b is involved in a variety of
diseases and pathophysiological processes, including embryonic
development and tumor-related and fibrosis-related diseases.22 Plais-
ier et al.23 found that the miR-29 family inhibited specific genes
associated with invasion and metastasis of lung adenocarcinoma.
Montgomery et al.24 found that therapeutic delivery of miR-29
mimics, during bleomycin-induced pulmonary fibrosis, reverses pul-
monary fibrosis. Consistent with the above findings, this study has
contributed new evidence regarding the protective role of miR-29b
in silicosis fibrosis, especially its role in inducing MET and improving
the pulmonary function.
It is well established that the injury of epithelial cells is vital in pulmo-
nary fibrosis, and our previous findings sustained that EMT was
involved in silicosis fibrosis. To establish a cell model of EMT, we
stimulated RLE-6TN cells with silica or TGF-b1, which resulted in
the increased expression of mesenchymal markers, decreased expres-
sion of epithelial markers, and a reduction in miR-29b simulta-
neously. Upregulation of miR-29b reversed the established EMT
and induced MET, but the downregulation of miR-29b promoted
EMT. In vivo silica induced EMT and the downregulation of miR-
29b in the lung, however, agmiR-29b inhibited EMT. Interestingly,
the key transcriptional factor Snail was not altered by miR-29b
mimics or angomir-29b, but rather increased by miR-29b inhibitor.
This indicated that the downregulation of miR-29b promoted EMT
probably through increasing Snail, but the upregulation of miR-29b
induced MET by a different target, which were consistent with the
prior research.25 One recent study identified that miR-29b could
target the coding sequence of TGF-b1,26 and some scholars found
that miR-29b directly targeted the TGF-b signaling.27 Hence, we
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 25
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Figure 5. Agomir-29b Upregulated the Expression of

miR-29b in the Lungs of Mice Instilled with Silica

(A) The experimental process of mice instilled with silica

and following agomir-29b treatment. (B) Agomir-29b

markedly increased the level of miR-29b in the lungs of the

mice. (C) Representative FISH images showed that ago-

mir-29b upregulated the expression of miR-29b in the

lungs of mice instilled with silica. The data are presented

as means ± SD (n = 6). *p < 0.05 and **p < 0.01 compared

with the control group; #p < 0.05 and ##p < 0.01

compared with the silica + NC group.
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proposed that miR-29b may exert its MET effect by inhibiting TGF-
b1 transcription. It is well known that TGF-b1 signaling plays a key
role in TGF-b1-induced EMT, so we used TGF-b1 to stimulate
RLE-6TN cells for 48 hr. We found that TGF-b1 downregulated
miR-29b expression, whereas upregulation of miR-29b decreased
the level of Tgfb1 and promoted MET, confirming the relationship
between miR-29b and TGF-b1. Therefore, the data suggested that
the blockade of TGF-b may be a potential mechanism by which up-
regulation of miR-29b promoted MET.

In this study, we also explored the potential mechanism whereby
miR-29b inhibited silicosis fibrosis. First, promotion of MET and
decreased TGF-b1 expression may contribute to the inhibitory effect
of miR-29b on silicosis fibrosis. EMT contributed to silicosis fibrosis,
while upregulation of miR-29b blunted EMT and promoted MET,
resulting in fewer fibroblasts and less collagen production. TGF-b1
is known as the most powerful pro-fibrotic factor, and upregulation
of miR-29b decreased the level of TGF-b1, resulting in fewer collagen
matrices. Second, it is well known that miR-29b inhibits fibrogenesis
by directly targeting mRNA 30 UTRs of many collagen genes,
including COL1A1 and so on.28 In this study, we chose to test the
COL1A1 level. Our results revealed that overexpression of miR-
29b decreased silica-induced COL1A1 in RLE-6TN cells as well as
in the lung exposed to silica. Conversely, miR-29b inhibitor
increased COL1A1 expression. Therefore, miR-29b may repress
the expression of basement membrane collagen matrix and inhibit
lung fibrosis.

Inhibition of EMT and lung fibrosis may also be a mechanism by
which miR-29b treatment improves lung function in a mouse model
of silicosis. In this study, we performed lung function measurements
with the objective of further assessing the lung function changes
in silicosis mice and protective effects of miR-29b by FOT measure-
ments. The measurements have already been used in mouse models
of lung fibrosis diseases and proven to be particularly important in
26 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
mouse models. In the present research, silica
exposure decreased Crs and increased Ers and
Rrs in the mice. In addition, Rn and G:H were
upregulated, and the PV loop showed an
obvious downward shift, which indicated that
silica decreased the elastic recoil of the lung.
This is in line with the earlier study of Devos et al.29 However, IC
and Cst in the silica group were almost unchanged compared to the
normal mice, which suggested that the volume of the lung slightly
altered at the early stage of silicosis; this is consistent with the phe-
nomenon that silicosis may occur without symptoms. Agomir-29b
is able to upregulate the Static compliance and G:H compared with
the silica + NC group, which indicated that agomir-29b recovered
the ability of lung parenchyma to stretch and expand. In addition,
agomir-29b induced an upward shift in the PV loop, suggesting an
upswing of elastic recoil. Meanwhile, agomir-29b also alleviated Rn,
indicating agomir-29b had a therapeutic effect both in the peripheral
and the central airways. Above all, the results of the lung function
measurements confirmed that agomir-29b could blunt the lung
impairment induced by silica.

In summary, we discovered that miR-29b, a miRNA significantly
downregulated by silica, has the potential to promote MET, inhibit
silicosis fibrosis, and improve lung function. The molecular mecha-
nisms by which miR-29b exerted its function were probably deter-
mined by downregulation or upregulation of miR-29b. Furthermore,
downregulation of miR-29b enhanced EMT, probably through upre-
gulating the expression of snai1. Meanwhile, upregulation of miR-29b
promoted MET by inhibiting TGF-b1, and it ultimately decreased
collagen deposition by inhibiting COL1A1 level. The discovery may
lead to the development of a new therapy that aims to postpone the
process of this devastating disease.

MATERIALS AND METHODS
Silica Particle

Crystalline silica particles (Sigma, MO, USA), of which content
was >99% and 95% of particle diameter was below 5 mm, were
suspended in saline at a final concentration of 25 mg/mL for animal
experiments and 2 mg/mL for cell experiments. The suspension of sil-
ica dust was sufficiently mixed by a vortex shaker. Penicillin (5,000
IU/mL) was transfused into the saline prior to instillation in vivo.



Figure 6. Agomir-29b Inhibited EMT and Decreased the Levels of ECM Genes in a Mouse Model of Silicosis Fibrosis

(A) The results of qPCR showed that agomir-29b upregulated the expression of CDH1 but downregulated the expression of VIM, a-SMA, and ECM genes (COL1A1 and FN).

(B) Agomir-29b had no effect on the level of snai1. (C) Immunofluorescence staining suggested that the expression of vimentin was significantly increased following silica

instillation but was decreased by agomir-29b treatment in alveolar epithelial cells (arrows), while the change of E-cadherin expression was not evident. (D) Amplified fluo-

rescence images in the lungs of the mice. The data are presented as means ± SD (n = 6). *p < 0.05 and **p < 0.01 compared with the control group; #p < 0.05 and ##p < 0.01

compared with the silica + NC group.
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miRNA Microarray

Total RNAwas extracted fromA549 by using Trizol reagent, and then
we tested miRNA microarray by using the Affymetrix Arrays (Gmi-
nix, Shanghai, China). The miRNA microarray analysis identified
38 miRNAs, and the TwoClassDif was used for data analysis; 3 miR-
NAs were identified to have at least a 1.5-fold change (p value <5%) in
expression.

Mice and Ethics Statement

A total of 40 male C57BL/6J mice weighing 20–22 g was purchased
from Vital River Laboratory Animal Technology (Beijing, China).
Mice were housed in a temperature-controlled room (24�C ± 1�C)
with a 12:12-hr light:dark cycle, and they were provided with suffi-
cient food and water. This study was approved (AEEI-2017-017) by
the Laboratory Animal Care and Use Committee at Capital Medical
University.

Mouse Lung Fibrosis Model and Experimental Design

A total of 40 C57BL/6J mice was randomly divided into the control
group (n = 10), silica group (n = 10), silica + NC group (n = 10),
and silica + agomiR-29b group (n = 10). Mice were anesthetized
with tribromoethanol 350 mg/kg (Sigma, St. Louis, MO, USA). Sub-
sequently, mice were treated with intratracheal silica suspension
0.1 mL (2.5 mg), with the exception of mice in the control group,
which received the same volume of saline instead. To investigate
the effects of miR-29b in vivo, C57BL/6 mice were administered by
caudal vein injection of the miR-29b agomiR (agomir-29b), at a
dose of 5 nmol every 3 days (protocol summarized in Figure 5A).
Moreover, delayed agomir-29b treatment was carried out on the
eighth day when pulmonary fibrosis in the early stage was established
(from eighth day after silica instillation). The mice in the control and
silica groups were injected with an equal volume of saline, while
silica + NC mice were administered agomir NC at a dose of
5 nmol. The mice were sacrificed on the 28th day. Four mice were
used to assess lung function before sacrificing, and lung tissue sections
were harvested for examination.

Cell Culture and Treatment

To select the optimum dose of silica in order to induce EMT and
conduct microarray analysis, RAW264.7 (murine macrophage cell
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 27
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Figure 7. Agomir-29b Inhibited Pulmonary Fibrosis in Mice

(A) H&E staining in the lungs of the mice in each group at 28 days (light micrograph magnifications of 200� and 400�). (B) Masson staining in the lungs of the mice

in each group at 28 days (light micrograph magnifications of 200� and 400�). (C) The percent of Masson staining-positive collagenous fiber was significantly

increased in the silica group but decreased in the silica + agomir-29b group. (D) The content of HYP was significantly increased in the silica group but decreased in the

silica + agomir-29b group. The data are presented as means ± SD (n = 6). *p < 0.05 and **p < 0.01 compared with the control group; #p < 0.05 and ##p < 0.01

compared with the silica + NC group.
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line) and A549 cells (human type II alveolar epithelial carcinoma cell
line) were cultivated in DMEM added with 10% fetal bovine serum
(FBS) (HyClone, Beijing, China) at 37�C with 5% CO2 humidified.
As soon as RAW264.7 cells were grown to 80% confluence, the cells
were treated with different concentrations of silica (25, 50, and
100 mg/mL) for 24 hr. The supernatant was collected and subse-
quently treated as previously described.30 A549 cells were maintained
with the former silica supernatant for 48 hr and harvested for future
experiments.

To observe the effect of silica on the morphology of RLE-6TN cells,
RLE-6TN cells with multiple confluences (1 � 106, 5 � 105, and
2.5 � 105) were seeded in the 6-well plates. After the cells adhered
to the plates, they were cultured with the supernatant of
RAW264.7 cells stimulated by 50 mg/mL silica for 48 hr. Then the
cells were photographed with a light microscope (Olympus D72,
Japan).

To observe the effects of miR-29b mimics or inhibitor on EMT and
MET, RAW264.7 and RLE-6TN cells (rat type II alveolar epithelial
cell line) were grown in DMEM with 10% FBS (HyClone, Beijing,
China) at 37�C with 5% CO2 and 95% humidified air. The RLE-
6TN cells were treated for 48 hr with either the supernatant of
RAW264.7 cells stimulated by 50 mg/mL silica or 5 ng/mL recom-
binant human TGF-b1 (PeproTech, NJ, USA).
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Wound-Healing Assay

The A549 cells were seeded into 6-well plates and cultured until 90%
confluence. Then the surface of cells was scratched with a 200-mL
pipette tip and washed twice using PBS. Subsequently, the cells
were incubated with DMEM without or with the supernatant of
RAW264.7 cells stimulated by 50 mg/mL silica. Photomicrographs
were recorded at 0 and 24 hr.

miRNA Transfection

After silica treatment for 24 hr, RLE-6TN cells were transfected with
50 nM/L of either miR-29b mimics or mimic NC and 100 nM/L of
either the miR-29b inhibitor or inhibitor NC (Sangong Biotech,
Shanghai, China) using a transfection reagent (Lipofectamine RNAi
MAX Reagent) in Opti-MEM Medium (Life Technologies, China),
according to the manufacturer’s instructions, for another 24 hr.
miR-29b mimics and miR-29b inhibitor, with Cy3, were used to
detect the transfection efficiency. The sequences used were synthetic
as follows. The miR-29b mimic sense is 50-UAGCACCAUUUGA
AAUCAGUGUU-30 and the antisense is 50-CACUGAUUUCAAA
UGGUGCUAUU-30. The miR-29b inhibitor sense is 50-AACACUG
AUUUCAAAUGGUGCUA-30.

RNA Isolation and Real-Time qPCR

Total RNA and miRNA were extracted from cells using TransZol
Up (ET111, TransGen Biotech, Beijing, China), and mRNA was



Figure 8. Agomir-29b Improved the Respiratory Function Damaged by Silica in the Mice

The flexiVent FX system was used to test the lung function, and results were compared with the reference value. The model of Snap Shot tested the inspiratory

capacity (A), respiratory resistance (B), elastic resistance (C), and static compliance (D). The Prime wave measured airway resistance (E), tissue damping (F), tissue

elastance (G), and tissue hysteresivity (H). PV loops were used to assess lung parenchyma static compliance (I), A (J), and K (K). The overall area of the PV loop revealed

hysteresis (L). The data are presented as means ± SD (n = 4). *p < 0.05 and **p < 0.01 compared with the reference values; #p < 0.05 and ##p < 0.01 compared with the

silica + NC group.
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transcribed to cDNA using the TransScript First-Strand cDNA Syn-
thesis SuperMix (AT301, TransGen Biotech, Beijing, China). The
cDNA of miRNA was utilized for the TransScript miRNA First-
Strand cDNA Synthesis SuperMix (AT351, TransGen Biotech, Bei-
jing, China). qPCR was performed with the CFX96 real-time qPCR
detection system (Bio-Rad, Hercules, CA), using the SYBR Green
qPCR kit (AQ141, TransGen Biotech, Beijing, China). The level of
gene expression was calculated by normalizing to glyceraldehyde-3-
phosphate dehydrogenase using the 2�DDCT method. The primer
sequences used are given in Table S1.

Western Blot

Protein extracts were performed with Kit KGP2100 (KeyGen
Biotech, China) according to the manufacturer’s instructions. The
collected cells were treated three times with 4�C PBS and disrupted
sufficiently in the lysis buffer. The concentration of the protein was
measured by using bicinchoninic acid (BCA, Thermo Scientific,
Rockford, IL, USA). Equal amounts of protein (20 mg) were sepa-
rated in 10% SDS polyacrylamide gels and transferred onto polyvi-
nylidene fluoride (PVDF) membranes (Millipore, Billerica, MA,
USA). Subsequently, it was blocked in 5% BSA solution and incu-
bated overnight at 4�C with primary antibodies against E-cadherin
(1:1,000; Abcam, CA, USA), vimentin (1:1,000; Abcam, CA, USA),
collagen I (1:5,000; Abcam, CA, USA), Snail (1:1,000; Cell Signaling
Technology, Boston, MA, USA), or GAPDH (1:1,000; Cell
Signaling Technology, Boston, MA, USA). Anti-rabbit immuno-
globulin G (IgG), horseradish peroxidase (HRP)-linked antibody
(1:2,000; Cell Signaling Technology, Boston, MA, USA), and
Anti-mouse IgG, HRP-linked antibody (1:2,000; Cell Signaling
Technology, Boston, MA, USA) were used as the secondary anti-
bodies. The stripe of protein was detected with enhanced chemilu-
minescence method (ECL, Thermo Fisher Scientific) and captured
by Tanon-5200 system (Beijing Yuan Ping Hao Biotech). The
quantification was calculated by ImageJ software to analyze the in-
tensity of the gray scale images.

MTT Assay

MTTassaywas used to test the cell viability ofA549 cells. The cells were
treated with different concentrations of silica (25, 50, and 100 mg/mL)
and incubated at 37�C in 5% (v/v) CO2 for up to 48 hr, and then they
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 29
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were incubated with MTT for 4 hr and a DMSO solution later. The
absorbance was measured at 490 nm.

FISH

FISH was conducted with the paraffin-embedded lung tissue accord-
ing to a protocol described previously.31 Briefly, after deparaffinized
and rehydrated, the slides were incubated with 20 mg/mL proteinase
K for 10 min at 37 �C, and then they were hybridized with the probe
specific to miR-29b overnight. The anti-biotin-labeled fluorescein
isothiocyanate was applied to visualize the positive signals. Then
the images were captured using fluorescence microscopy. The
sequence of miR-29b in mice is given in Table S1.

Hydroxyproline Analysis

Lung hydroxyproline was analyzed with a hydroxyproline colori-
metric assay kit fromNanjing Jiancheng biotechnology research insti-
tution (Nanjing, China), following the manufacturer’s instructions.
The hydroxyproline concentrations were expressed as milligrams
per gram protein.

H&E and Masson Staining

The right lungs of the mice were removed and fixed in 10% formalin
for 48 hr. After which, they were embedded in paraffin and cut into
5-mm-thick slices. The lung tissue sections were observed with the
light microscope (Olympus D72, Japan) with 200� magnifications.

Immunofluorescence

Immunofluorescence in vitro was performed as we previously
described. Immunofluorescence in vivo was as follows: paraffin-
embedded lung tissue was treated with deparaffinization, rehydration,
and antigen retrieval. After being washed by PBS, it was fixed with
0.1% Triton X-100 for 20 min. After being rinsed in PBS and blocked
with 3% BSA for 10 min, slides were incubated with primary anti-
bodies against E-cadherin (1:100; Abcam, CA, USA) or vimentin
(1:100; Abcam, CA, USA) overnight at 4�C. After being washed by
PBS 3 times, slides were incubated with the secondary antibodies con-
jugated to fluorescein isothiocyanate (FITC) for 1 hr at room temper-
ature (RT). At this point, they were rinsed again and counterstained
with DAPI. The images were captured with laser-scanning confocal
fluorescence microscopy.

Lung Function Measurements

The data relating to respiratory function were collected from the flex-
iVent FX system (SCIREQ,Montreal, QC, Canada), equipped with an
FX module and operated by the flexiVent version (v.)7.6 software.
Mice were anesthetized with pentobarbital (100 mg/kg) (CEVA,
Brussels, Belgium) by intraperitoneal injection. Then, the trachea
was exposed so that we were able to insert a metal cannula, which
was connected to the tubing system extended from the machine.
Following the rhythm of spontaneous breathing, the apparatus venti-
lated the mice quasi-sinusoidally with a tidal volume of 10 mL/kg at a
frequency of 150 breaths/min and a positive end-expiratory pressure
of 2 cmH2O. The lung function measurements were made by
automatic operation. Briefly, IC was measured by lung inflations to
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30 cmH2O over 3 s. Measured values of overall respiratory system
resistance (Rrs), compliance (Crs), and elastance (Ers) were obtained
from single-frequency forced oscillation maneuvers. The model of
Prime wave maneuver was utilized to calculate respiratory input
impedance. The multiple prime frequencies ranged from 0.25 to
20 Hz. The parameters of Rn, G, and H were analyzed, and the
coefficient of determination was R0.95. PV curves were collected
and the data of stepwise increases and decreases airway pressure
subsequently. Cst was calculated from the slope of each curve. The
area (hysteresis) of the PV curve as well as the shape parameter
(A or K) describing the deflation limb of the PV loop were also
calculated.

Statistical Analysis

Data are presented as the mean ± SD. Multiple comparisons were
used for the calculation of one-way ANOVA followed by the
Student-Newman-Keuls post hoc test. All statistical analyses were
performed by SPSS 22.0 software (SPSS, Chicago, IL, USA). The
p value less than 0.05 was considered statistically significant. All
results were replicated at least three times independently.

Accession Numbers

We have uploaded the raw data to Mendeley: https://doi.org/10.
17632/dx86xxknr4.1.
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