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Abstract. Despite increasing evidence suggesting a role
for the miR-29 family in the suppression of fibrosis, its role
in silicosis remains unknown. The present study aimed to
examine the anti-fibrotic effects and specific mechanism of
action of microRNA (miR)-29¢ in pulmonary silicosis using
animal and cell models. miR-29¢c expression levels were
examined in the lungs of silicotic rats via reveres transcrip-
tion-quantitative (RT-q)PCR. A Transwell system employing
co-cultures of pulmonary fibroblasts and macrophages
was used to establish an in vitro cell model of silicosis, and
lentivirus was used to overexpress or knockdown miR-29¢
in cultured cells. Changes in collagen type I a I (COLlal),
COL3al, a-smooth muscle actin (a-SMA) and TGF-f1
expression levels were determined via RT-qPCR and western
blotting. Data analysis was performed using R software.
miR-29c expression was significantly downregulated in the
lungs of silicotic rats and in the pulmonary fibroblasts of the
in vitro model of silicosis. Furthermore, COL1al, COL3al,
o-SMA and TGF-p1 expression levels were significantly
increased in cultured fibroblasts following 12 or 18 h exposure
to Si0O,. Lentiviral-mediated knockdown of miR-29¢ resulted
in increased the expression levels of COLlal, COL3al,
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a-SMA and TGF-f1, while lentiviral-mediated miR-29¢
overexpression significantly suppressed the expression levels
of these fibrosis-related genes. Taken together, these results
demonstrated that miR-29¢ was significantly associated with
silica-induced pulmonary fibrosis and the expression levels
of COLlal, COL3al, TGF-f1 and a-SMA are under the
regulation of miR-29c¢ to different extents. This study therefore
identified possible candidate molecular targets for preventing
or delaying the occurrence and progression of silicosis.

Introduction

Silicosis is an occupational disease caused by the inhalation of
free silica dust, and is characterized by diffuse fibrosis in the
lung tissue (1). In 2017, 23,395 patients were diagnosed with
silicosis worldwide (2). The exact mechanisms contributing
to the pathogenesis of pulmonary silicosis remain unclear,
limiting the scope for the development of targeted therapies
for this disease. Nonetheless, it is generally considered that
alveolar macrophages and lung fibroblasts are the main target
and effector cells contributing to the fibrosis that underlies sili-
cosis (3,4). Upon phagocytosing large quantities of silica dust,
alveolar macrophages secrete various bioactive substances
and demonstrate altered plasma membrane characteristics (1).
Moreover, the secretion of bioactive substances can stimulate
fibroblasts to release substantial amounts of collagen and
fibronectin, leading to an irreversible structural change in
the lung tissue (5). While the critical factors involved in
the pathogenesis of silicosis have yet to be fully elucidated,
accumulating evidence indicates that TGF-f (6), collagen
type I a I (COL1al) (6), COL3al (7) and a-smooth muscle
actin (a-SMA) (8) serve important roles in the process of
pulmonary fibrosis.

The microRNA (miRNA/miR)-29 family of miRNAs
comprises of miR-29a, miR-29b and miR-29¢ (9,10). The
abnormal expression of miR-29 family members has been
implicated in the fibrosis of various tissues, including those
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of the lung, liver, kidney and heart (11-15), and there is
increasing evidence to suggest that decreased levels of miR-29
are associated with numerous respiratory disorders, including
lung cancer and idiopathic pulmonary fibrosis (16-18). The
expression of miR-29 family miRNAs was significantly down-
regulated in the lung tissue of animals in a bleomycin-induced
mouse model of pulmonary fibrosis, while knockdown of the
miR-29 family in IMR-90 cells resulted in the derepression of
fibrosis-related genes (19). In addition, miR-29 has been shown
to be negatively regulated by TGF-/Smad signaling, while
miR-29 overexpression has, in turn, been revealed to negatively
regulate TGF-f expression and Smad3 signaling (20).
Lian et al (21) reported that miR-29b could inhibit extracel-
lular matrix (ECM) synthesis in lung fibroblasts stimulated
with supernatants from silica-treated lung macrophages.
Another study has shown that silica can dynamically regulate
miR-29b expression and thereby influence the promotion of
mesenchymal-epithelial transition in RLE-6TN cells (22).

Although numerous studies have confirmed that miR-29
is involved in pulmonary fibrosis, little is known regarding
the association between miR-29 and silicosis. Silicosis is a
specific disease resulting from accumulated exposure to silica
dust, and is distinct from other pulmonary fibrotic diseases (1).
Our previous study revealed that miR-29¢ expression was
significantly decreased in the lungs of silicotic rats, as deter-
mined by miRNA microarray analysis (23). The present
study aimed to examine the role and mechanism of action of
miR-29¢ in the pathogenesis of silicosis and the associated
fibrotic process.

Materials and methods

Animal model for the study of pulmonary silicosis. A total of
20 Sprague-Dawley male rats (Dashuo Center of Experimental
Animals, Chengdu, China; age, 5-7 weeks; weight, 160-200 g)
were randomly assigned evenly into two groups (silicosis
and control group). The animals had free access to food and
water, and were housed at an environmental temperature of
22+1°C, under 12-h light/dark cycles with a relative humidity
of 59%. The silicosis group was anesthetized with etherization
and received a single intratracheal installation of 1 ml silica
suspension (equal to 50 mg silica dust). While the control
group was treated in the same way, it was administered an
injection of 1 ml sterilized saline instead. After the rats were
anesthetized with 5% chloral hydrate (400 mg/kg; Tianjin
Kemiou Chemical Reagent Co., Ltd.), they were eutha-
nized by exsanguination from the heart after 40 days. Our
previous study already established the experimental silicosis
rats via disposable intratracheal instillation of silica dust
suspension (23). Pathological examination and analysis of
hydroxyproline levels in lung tissues confirmed the successful
establishment of silicosis (23). The animals were cared for in
accordance with the Guide for the Care and Use of Laboratory
Animals, and all experiments approved by and complied with
the regulations of the Experimental Animal Ethics Committee
of Sichuan University (approval no. K2015028).

In vitro model for the analysis of silicosis. A schematic
diagram describing the in vitro cell model for the study of sili-
cosis is presented in Fig. 1. Pulmonary fibroblasts were isolated

from the lung tissue of a healthy adult male Sprague-Dawley
rat (age, 3 months; weight, 425 g) and cultured in DMEM
(Sigma-Aldrich; Merck KGaA) supplemented with 10%
FBS (Gibco; Thermo Fisher Scientific, Inc.). Rat NR8383
pulmonary macrophages (Shanghai Institute of Biochemistry
and Cell Biology) were cultured in Ham's F12K cell culture
medium (Sigma-Aldrich; Merck KGaA) supplemented
with 15% FBS. Cell cultures were maintained at 37°C in a
humidified incubator containing an atmosphere of 5% CO,.

Passage 4-8 pulmonary fibroblasts in the logarithmic
phase of growth were seeded at a density of 6x10° cells/well
in 6-well plates in DMEM (Sigma-Aldrich; Merck KGaA)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.) and incubated for 12 h at 37°C to achieve cultures that
were 80-90% confluent. Subsequently, Transwell chambers
(EMD Millipore; pore size, 0.4 pm) were inserted into the
6-well culture plates, such that the Transwell membranes were
immersed in the culture medium and positioned immediately
above the underlying fibroblast monolayer. NR8383 cells
(6x10° cells/chamber) in Ham's F12K medium supplemented
with 15% FBS (Gibco; Thermo Fisher Scientific, Inc.) were
then seeded into the upper compartment of the Transwell
chamber. The plate was incubated for 24 h at 37°C under
normal cell culture conditions. Half of the Transwells were
then treated with silica suspension at a final concentration of
40 pg/em? (experimental group), and the other half with an
equal volume of serum-free Ham's F12K medium (control
group; Table S1 and Data S1). The 6-well plates containing the
co-cultures were returned to the incubator at 37°C and the cells
were then processed for downstream assays at 6, 12 and 18 h
timepoints. Cells were observed using a confocal microscope
(magnification, x100; Nikon Corporation).

miR-29c¢ overexpression and inhibition studies. Lentivirus for
the overexpression and inhibition of miR-29¢ was purchased
from Shanghai GeneChem Co., Ltd. The lentiviral cassettes
encoded an enhanced green fluorescence protein (eGFP)
reporter for the evaluation of cell transduction efficiency.
Fibroblasts were infected with virus at a multiplicity of
infection of 20-50 in the presence of Enhanced Infection
Solution (ENi.S; Shanghai GeneChem Co., Ltd.), to achieve an
optimal transduction efficiency of ~80% after 4 days. Prior to
viral transduction, fibroblasts were seeded into 6-well plates at
a density of 6x10° cells/well and then cultured at 37°C for 24 h.
Cell cultures were divided into five groups (overexpression,
overexpression control, inhibitor, inhibitor control and blank
control) and prepared in triplicate. The culture medium was then
replaced with ENi.S reagent before the addition of lentivirus.
The cells of the overexpression group were transduced with
LV-rno-miR-29c lentivirus that encodes full-length miR-29c,
while the cells of the overexpression control group were
transduced with CONO63 lentivirus encoding only the eGFP
reporter. The cells of the inhibition group were transduced
with LV-rno-miR-29c-inhibition lentivirus that encodes small
interfering RNA (5'-CCGGTAACCGATTTCAAATGGTGC
TATTTTTG-3") directed against miRNA-29c, while the cells
of the inhibition control group were transduced with CON157
lentivirus encoding non-sense miRNA. The blank control
group contained cells that were not infected with virus. An
inverted fluorescence microscope (magnification, x100; Nikon
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Figure 1. Schematic diagram of the silicosis cell model in vitro. Fibroblasts in the logarithmic phase of growth were seeded into 6-well plates and incubated
for 12 h to 80-90% confluence. Subsequently, Transwell chambers were inserted into the 6-well culture plates. NR8383 cells were seeded into the upper
compartment of the Transwell chamber. The plate was incubated for 24 h under normal cell culture conditions. Subsequently, half of the Transwell chambers
were treated with 40 pg/cm? silica suspension and the other half were treated with an equal volume of serum-free Ham's F12K medium. Following incubation,
fibroblasts were processed via RT-qPCR and western blotting at 6, 12 and 18 h time points. RT-qPCR, reverse transcription-quantitative PCR.

ECLIPSE Ti-U; Nikon Corporation) was used to examine
eGFP expression in the cell cultures, which provided a readout
for the efficiency of viral transduction. Virally transduced
fibroblasts were co-cultured with NR8383 macrophages and
treated with 40 ug/cm? silica suspension as aforementioned,
and then harvested for downstream assays at the 12 h time-
point. Reverse transcription-quantitative PCR (RT-qPCR) was
performed to confirm the overexpression and suppression of
miR-29c¢ in virally transduced cells.

RT-gPCR analysis. Total RNA was isolated from lung tissues
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) in accordance with the manufacturer's instructions.
The quality and concentration of total RNA isolated from

each group were evaluated by 1.2% gel electrophoresis and
analysis using a Nanodrop Spectrophotometer (Thermo
Fisher Scientific, Inc.). miR-29c expression was determined
via RT-qPCR using the All-in-One miRNA qRT-PCR
Detection kit (cat. no. AOMD-Q020; GeneCopoeia, Inc.).
For RT, the reactions contained 150 ng purified total RNA,
0.3 ul stem-loop RT primer (Table I), 2 ul 10x RT buffer, 2 ul
dNTP, 0.2 pul reverse transcriptase, 0.3 yl RNase Inhibitor and
RNase-free H,0O, to a total volume of 20 pl. Thermal cycling
was performed as follows: 30 min at 16°C, 40 min at 42°C,
5 min at 85°C, and a final temperature hold at -20°C. RT-qPCR
reactions contained 5 ul 2x PCR master mix, 0.5 pl each primer
(Table I), 2 ul cDNA and RNase-free H,O, to a total volume
of 10 ul. Thermocycling parameters were as follows: 95°C
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Table I. Oligonucleotides for miR-29c mRNA detection.

Primer name

Reverse transcription primer

Reverse transcription-quantitative PCR primer

U6 5S'CGCTTCACGAATTTGCGTGTCAT3'

rno-miR-29¢-3p

5'GTCGTATCCAGTGCGTGTCGTGGAGTC
GGCAATTGCACTGGATACGACTAACCG3'

F: 55GCTTCGGCAGCACATATACTAAAAT3'
R: 5'CGCTTCACGAATTTGCGTGTCAT3'

F: 5'GGGTAGCACCATTTGAAA3'

R: 5TGCGTGTCGTGGAGTC3'

miR, microRNA; F, forward; R, reverse.
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Figure 2. mRNA expression levels of miR-29¢, COLlal, COL3al, a-SMA and TGF-f1. (A) Altered miR-29¢ expression level of experimental silicosis rats.
Reverse transcription-quantitative PCR results of the expression levels of (B) COLlal, (C) COL3al and (D) 0-SMA and (E) TGF-f1 in the in vitro silicosis
cell model. (F) Relative expression level of miR-29¢ following silica suspension exposure at different time-points. “P<0.05 vs. corresponding control group.
miR-29¢, microRNA-29¢; COL1al, Collagen type I a 1; COL3al, Collagen type III a 1; o-SMA, a-smooth muscle actin.

for 5 min; followed by 40 cycles of 95°C for 10 sec, 60°C for
60 sec and 95°C for 15 sec. Endogenous U6 RNA expression
was used for the normalization of each sample.

Total RNA from fibroblasts and culture supernatants was
isolated using TRIzol reagent. RT was performed using the
PrimeScript RT reagent kit (Takara Bio, Inc.) and qPCR was
performed using the All-in-One miRNA qRT-PCR Detection
kit (GeneCopoeia, Inc.). Endogenous B-actin mRNA was used
for the normalization of each sample. Primers for the specific
detection of ACTB, COLlal, COL3al, TGF-f1 and a-SMA
were purchased from GeneCopoeia, Inc. (cat. nos. RQP051050,
RQP054226, RQP051466, RQP050181 and RQP050919). The
2-44% method was used to evaluate the expression level of
target genes (24).

Western blotting. Total protein was extracted from fibroblasts
and culture supernatants using a total protein extraction
kit (Nanjing KeyGEN Biotech Co., Ltd.) and the protein
concentration was determined using a BCA assay (Nanjing
KeyGen Biotech Co., Ltd.) in accordance with the manufac-
turer's instructions. Protein extracts (40 ug) were loaded onto

10% polyacrylamide gels, electrophoretically separated and
transferred onto PVDF membranes (EMD Millipore). PVDF
membranes were then blocked with 5% skimmed milk for 2 h
at room temperature. The membranes were then washed three
times in TBS/20% Tween 20 (TBST) before incubation with
primary antibody at 4°C for 12 h. Membranes were probed with
antibodies against COLlal (Purified rabbit polyclonal anti-
body; 139 kDa; cat. no. NB600-408; Novus Biologicals, LLC),
COL3al (Purified rabbit polyclonal antibody; 138 kDa; cat.
no. NB600-594; Novus Biologicals, LLC), TGF-p1 (Purified
rabbit polyclonal antibody; 25 kDa; cat. no. sc-146; Santa Cruz
Biotechnology, Inc.), a-SMA (Purified rabbit polyclonal anti-
body; 42 kDa; cat. no. abs107717; Absin Bioscience, Inc.) and
B-actin (Purified mouse polyclonal antibody; cat. no. sc-4778;
Santa Cruz Biotechnology, Inc.). Membranes were then
washed in TBST and incubated with HRP-conjugated goat
anti-rabbit IgG (cat. no. sc-2004; Santa Cruz Biotechnology,
Inc.) or goat anti-mouse IgG (cat. no. sc-2005; Santa Cruz
Biotechnology, Inc.) secondary antibodies for 1 h at room
temperature. The PVDF membranes were then incubated with
ECL reagents (Beyotime Institute of Biotechnology) at room
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Figure 3. Western blotting results of COLIal, COL3al, a-SMA and TGF-f1 expression levels in the in vitro silicosis cell model. Protein expression levels
of (A) COLlal, (B) COL3al, (C) a-SMA and (D) TGF-f1 in the in vitro silicosis cell model. (E) Western blotting results of COLlal, COL3al, a-SMA and
TGF-B1 expression levels. "P<0.05 vs. corresponding control group. miR-29¢, microRNA-29¢; COL1al, Collagen type I o 1; COL3a1, Collagen type I « 1;

a-SMA, a-smooth muscle actin.

temperature in the dark for 2-3 min. Detection of immuno-
reactivity and subsequent densitometry analysis of protein
bands was performed using the Bio-Rad Gel Imaging system
(Bio-Rad Laboratories, Inc.) and ImagePro Plus software
(version 6.0; Media Cybernetics, Inc.). Endogenous (3-actin
expression was used for sample normalization during the
densiometric analysis.

Statistical analysis. Each experiment was performed in
triplicate. R software (www.r-project.org) was used to perform
data analysis. The Student's t-test and one-way ANOVA were
used to evaluate the significance of differences in expression
between various groups. When the results of ANOVA were
statistically significant, Student-Newman-Keuls was used
for further analysis. P<0.05 was considered to indicate a
statistically significant difference (two-tailed).

Results

miR-29c expression is downregulated in the silicotic rat lung.
RT-qPCR analysis revealed that the expression of miR-29¢
was significantly downregulated in the lung tissues of silicotic
rats, when compared with control animals (P<0.05; Fig. 2A).

COLIal, COL3al, a-SMA, TGF-1 and miR-29c¢ expres-
sion levels are altered in an in vitro cell model of silicosis.
As presented in Fig. 2B-E, treatment of cultured cells with
40 pg/cm? SiO, for 12 and 18 h resulted in a significant
increase in the mRNA expression levels of COLlal, a-SMA
and TGF-B1, when compared with the controls (P<0.05).
A significant increase in the expression of COL3al mRNA
in these cells was only observed after 18 h treatment with
SiO, (P<0.05). No significant change in the expression of any
of these genes was observed at the 6 h time point (P>0.05).
However, the treatment of cultured cells with SiO, resulted in
a significant reduction in the expression of miR-29c¢ at all time
points analyzed, when compared with the untreated controls
(P<0.05; Fig. 2F).
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Figure 4. Relative expression level of miR-29¢ when transfected with corre-
sponding viruses. “P<0.05 vs. inhibitor group; *P<0.05 vs. overexpression
control group. miR-29¢, microRNA-29c¢.

COLlal, COL3al, a-SMA and TGF-[1 protein expression
levels are significantly upregulated in an in vitro cell model
of silicosis. Western blot analysis results demonstrated that
the treatment of cell cultures with SiO, for 12 h resulted in a
significant increase in COLlal, a-SMA and TGF-f31 protein
expression levels, when compared with the untreated controls
(P<0.05). Indeed, a significant increase in COLlal protein
expression was observed as early as 6 h after SiO, treatment
(P<0.05). Following induction in response to SiO, treatment,
COLlal, COL3al, a-SMA and TGF-f1 protein expression
levels remained elevated relative to controls for the duration of
the experimental period (P<0.05; Fig. 3).

miR-29¢ regulates COLlal, COL3al, a-SMA and TGF-[1
expression in rat lung fibroblasts in an in vitro cell model
of silicosis. Lentiviral-mediated gene delivery was used to
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Figure 5. mRNA expression levels of COLlal, COL3al, a-SMA and TGF-1 in miR-29¢ overexpression and inhibition cell model. mRNA expression levels of
(A) COLlal, (B) COL3al, (C) a-SMA and (D) TGF-B1. "P<0.05 vs. corresponding inhibitor control group; P<0.05 vs. corresponding overexpression control
group. miR-29¢, microRNA-29¢; COLlal, Collagen type I a 1; COL3al, Collagen type I1I a 1; 0-SMA, a-smooth muscle actin.

either enhance or suppress miR-29¢ expression in cultured
rat lung fibroblasts, which was performed to determine the
role of this miRNA in the regulation of key genes associated
with the fibrotic process. Following viral transduction and
subsequent SiO, treatment for 12 h, miR-29c expression levels
were analyzed in the cells of the various treatment groups. As
expected, no significant differences in miR-29c expression were
observed among the cells of the blank control, overexpression
control and inhibitor control groups (P>0.05). However,
miR-29¢ expression was significantly decreased in the cells
of the miR-29¢ inhibitor group (LV-rno-miR-29c-inhibition)
when compared with those of the inhibitor control (CON157)
group (P<0.05). Conversely, miR-29c expression was signifi-
cantly higher in the cells of the miR-29c overexpression
group (LV-rno-miR-29c¢), when compared with the cells of the
overexpression control (CON063) group (P<0.05; Fig. 4).
RT-qPCR analysis revealed that lentiviral-mediated over-
expression or inhibition of miR-29¢ resulted in differential
effects on the mRNA expression levels of COLlal, COL3al,
0-SMA and TGF-f1 in the rat lung fibroblasts of the in vitro
silicosis cell model (Fig. 5). The fibroblasts of the miR-29¢
inhibitor group (LV-rno-miR-29c-inhibition) demonstrated a
significant upregulation in the expression of COL3al, a-SMA
and TGF-f1, when compared with those of the inhibitor control
(CON157) group (P<0.05). Conversely, all four fibrosis-related
genes were significantly downregulated in the cells of the
miR-29¢ overexpression (LV-rno-miR-29c) group, when

compared with those of the control (CONO063) group (P<0.05).
In addition to the RT-qPCR analysis, western blotting identi-
fied that COLlal, COL3al and a-SMA protein expression
levels were significantly higher in the cells of the miR-29¢
inhibitor group, when compared with those of the inhibitor
control group (P<0.05), while the expression of COL3a.l was
suppressed in the cells of the miR-29¢ overexpression group,
when compared with those of the overexpression control group
(P<0.05; Fig. 6).

Discussion

The pathogenesis of silica dust-induced pulmonary fibrosis
involves a complicated network of biological processes that
include inflammation, immunological changes, cell cytotox-
icity and tissue repair (5), as well as a variety of cell types
and bioactive substances (1). Our previous miRNA microarray
analysis revealed that miR-29c expression was decreased in
lung tissue in an experimental rat model of pulmonary sili-
cosis (23), thus suggesting a potential association between
miR-29¢ and silicosis. To test this hypothesis, and to further
examine the mechanistic relationship between miR-29¢ and
key proteins involved in the fibrotic process, the present
study developed an in vitro cell model of silicosis to comple-
ment the in vivo model. The current RT-qPCR analysis also
identified miR-29¢c downregulation in the lungs of silicotic
rats, thereby validating our previous findings. Subsequently,
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inhibitor control group; *P<0.05 vs. corresponding overexpression control group. miR-29¢, microRNA-29¢; COLlal, Collagen type I a. 1; COL3al, Collagen

type III a 1; a-SMA, a-smooth muscle actin.

primary rat lung fibroblasts were co-cultured with NR8383
rat macrophages in a Transwell system to establish an in vitro
model of silicosis that permitted a more detailed analysis of
miR-29c¢ function. The fibroblasts in these in vitro co-cultures
were then transduced with lentivirus to experimentally alter
miR-29c expression, which was used to determine the poten-
tial role of this miRNA in the fibrotic process. RT-qPCR and
western blotting analysis revealed that miR-29c regulated
the expression of the four fibrosis-related proteins, COL1al,
COL3al, a-SMA and TGF-p1. These experiments therefore
identified a potential mechanism via which miR-29¢ can
contribute to the pathogenesis of silicosis. Furthermore, the
relevance of miR-29c¢ in this disease was confirmed at both the
whole-organism and cellular level. The molecular functions of
miR-29c in silicosis are summarized in Fig. 7.

Previous studies have reported a relationship between
miR-29 and fibrotic diseases (25,26). In the present study, it was
found that miR-29c was downregulated in the lungs of silicotic
rats, a finding that is consistent with those of Xiao et al (20),
who used a bleomycin-induced model of pulmonary fibrosis.
The present study used an in vitro Transwell culture system
that enabled the treatment of microphages with silica dust and
their simultaneous co-culture with fibroblasts. This system
allowed interaction between fibroblasts and microphages
through the Transwell filter membrane, and was adopted to
simulate the internal environment of lung tissue. Using this
assay, the mRNA and protein levels of COLlal, COL3al,
TGF-p1 and a-SMA were examined, and it was identified that
these were all increased in response to SiO, treatment. The
present findings are consistent with those of Li et al (27), who
have also observed increases in the expression of COLI and
TGF-p using this in vitro cell model.

The TGF-f3 family of cytokines, which are predominantly
expressed by macrophages, hyperplastic alveolar epithelial
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Figure 7. Molecular functions of miR-29c in silicosis. Under the stimulation
of SiO,, lung macrophages secreted some inflammatory factors, including
TGF-p1. TGF-B1 interacted with the TGF-f1 receptor of fibroblasts to
stimulate transformation into myofibroblasts and secretion of extracellular
matrix, including COL1al and COL3al. miR-29¢ regulated the expression
of the four fibrosis-related proteins, COL1al, COL3al, a-SMA and TGF-f31.
miR-29¢, microRNA-29¢; COLlal, Collagen type I a 1; COL3al, Collagen
type III a 1; a-SMA, a-smooth muscle actin.

cells and bronchial epithelial and mesenchymal cells, are
capable of activating fibroblasts to promote the deposition of
collagen, which ultimately leads to fibrosis (28,29). TGF-f§
has been reported to suppress miR-29 expression in several
cell types, including HK2 cells (30), human embryonic lung
fibroblasts (19), mouse and human hepatic stellate cells (13),
human trabecular meshwork cells (31), renal fibroblasts
and renal tubular epithelial cells (12,32,33). Smad7 serves
as an inhibitory Smad to suppress Smad2 and Smad3
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activation (34). Smad7 expression is induced by TGF-f1 via a
Smad3-dependent mechanism (34). Overexpression of Smad7
has been shown to block renal fibrosis by restoring the expres-
sion of miR-29b in a mouse model of obstructive nephropathy.
In contrast, inhibition of Smad7 was found to promote renal
fibrosis by enhancing the loss of miR-29b (35). The current
research has indicated that TGF-f1 mRNA was upregulated in
response to miR-29¢ inhibition, and downregulated following
miR-29¢ overexpression. The present study concluded that
miR-29c can inhibit the fibrotic process that underlies silicosis
via its impact on TGF-f signaling. It should be noted that
there was no statistically significant change in TGF-f protein
expression; however, this observation was probably a conse-
quence of the delay between gene upregulation and subsequent
protein expression.

The fibrosis-related protein a-SMA is a biomarker of acti-
vated myofibroblasts (36). Myofibroblasts differentiate from
fibroblasts in response to particular extracellular stimuli and
demonstrate enhanced secretory properties, when compared
with their undifferentiated counterparts (37). The present
study demonstrated that a-SMA expression was significantly
upregulated in the fibroblasts of the miR-29¢ inhibition group
and was decreased in the fibroblasts of the miR-29¢ overexpres-
sion group. These results suggest that miR-29¢ overexpression
inhibits silicosis-associated myofibroblast differentiation via
the inhibition of the TGF-f signaling pathway, resulting in the
suppression of a-SMA expression.

Changes in the content of COL1 and COL3 proteins within
the ECM are a major indicator of pulmonary fibrosis (7).
Moreover, a genome-wide analysis of endogenous miR-29
target genes in nasopharyngeal carcinomas revealed that
miR-29 inhibits the expression of 15 collagen genes, including
those that encode the interstitial collagens COL1al, COL1a2
and COL3al (38). Previous studies have confirmed that
miR-29 targets COLlal (39,40) and COL3al (41,42) and
other ECM-related genes. The current results indicated that
COL3al expression was significantly upregulated in the cells
of the miR-29c inhibition group and downregulated in the cells
of the miR-29¢ overexpression group. It is therefore possible
that overexpression of miR-29¢ can inhibit the expression of
ECM-related proteins implicated in silicosis.

There are some limitations associated with the present
study. Unfortunately, due to the budget and time constraints,
the present study was unable to monitor dynamic changes in
miR-29c¢ expression in silicotic rats. Therefore, only miR-29¢
expression at day 40, which was the final day of the experi-
mental period, was determined. Furthermore, the current study
only examined the expression of miR-29c¢ in the animal and
cell experiments, and not other members of miR-29 family.
While the present study demonstrated that COL1al, COL3al,
TGF-p1 and a-SMA expression levels were differentially regu-
lated by miR-29c¢, direct interactions could not be determined
as dual luciferase reporter assays were not employed. In future
studies, dual luciferase reporter assays and the association
between miR-29a/b expression and silicosis will be evaluated.

In conclusion, the present study demonstrated that miR-29¢
expression was significantly decreased in in vivo and in vitro
models of silicosis. It was identified that COL1al, COL3al,
TGF-p1 and a-SMA, which are key fibrosis-related proteins,
were regulated by miR-29¢ expression. miR-29c expression

not only inhibited the expression of a variety of ECM proteins,
but it also suppressed the TGF-f signaling pathway, which
is closely associated with fibrosis. The results of the present
study therefore provide new insights into the mechanisms
underlying pulmonary fibrosis associated with silicosis, and
highlight potential gene targets for the clinical treatment of
fibrotic diseases.
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