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Pulmonary fibrosis has been characterized by abnormal prolif-
eration of fibroblasts and massive deposition of the extracel-
lular matrix, which results from a complex interplay of chronic
injury and inflammatory responses. MicroRNA-301a (miR-
301a) is activated by multiple inflammatory stimulators,
contributing to multiple tumorigenesis and autoimmune dis-
eases. This study showed that miR-301a was overexpressed in
a bleomycin-induced murine model of pulmonary fibrosis
and patients with idiopathic pulmonary fibrosis (IPF). In addi-
tion, miR-301a was activated by transforming growth factor b
(TGF-b) and interleukin 6 (IL-6) in normal and IPF fibroblasts,
which was markedly reversed by the signal transducer and acti-
vator of transcription 3 (STAT3) inhibitor. The genetic abla-
tion of miR-301a in mice reduced bleomycin-induced lung
fibrosis, and the downregulation of miR-301a restrained prolif-
eration and activation of fibroblasts. Furthermore, this study
demonstrated that TSC1 was a functional target of miR-301a
in fibroblasts, and the negative regulation of TSC1 by miR-
301a promoted the severity of pulmonary fibrosis through
the mammalian target of rapamycin (mTOR) signaling
pathway. The blocking of miR-301a by the intravenous injec-
tion of antagomiR-301a inhibited the proliferation of fibro-
blasts and the structural destruction of lung tissues in the bleo-
mycin-induced lung fibrosis mouse model. The findings
revealed the crucial role of the miR-301a/TSC1/mTOR axis in
the pathogenesis of pulmonary fibrosis, suggesting that miR-
301a might serve as a potential therapeutic target.
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INTRODUCTION
Pulmonary fibrosis is characterized by lung epithelial cell damage,
proliferation of fibroblasts, and aggregation of extracellular matrix,
with inflammatory injury and the epithelial-mesenchymal transition
(EMT), ultimately leading to the structural destruction of the lung tis-
sue (the end-stage change of many lung diseases).1,2 The most com-
mon disease characterized by pulmonary fibrotic lesions is idiopathic
pulmonary fibrosis (IPF). The average survival after diagnosis of IPF
was only 2.8 years, and the 5-year survival rate was less than 30%.2 In
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2014, the US Food and Drug Administration approved two drugs,
nintedanib and pirfenidone, for the treatment of pulmonary fibrosis;
however, still no drugs are available to improve patient survival.1,3,4

Many studies have shown that pulmonary fibrosis was closely related
to chronic inflammation and angiogenesis. Several cytokines, such as
transforming growth factor b (TGF-b), interleukin 1b (IL-1b), IL-6,
and tumor necrosis factor a (TNF-a), are demonstrated to be the
main drivers of fibrosis.5 Therefore, attempts should be made to
explore the pathogenesis of fibrosis and inflammation-driven
signaling pathways and find new targets for treating fibrosis.

MicroRNAs (miRNAs) are small (20–24 nt) noncoding RNAs
involved in the post-transcriptional regulation of gene expression in
multicellular organisms by affecting both the stability and translation
of mRNAs.6 The miR-130/301 family includes miR-130a, miR-130b,
miR-301a, miR-301b, and miR-454, which share a common seed
sequence and target a common sequence.7 All of these miRNAs
have been demonstrated to be activated by the YAP/TAZ transcrip-
tion factors to promote the progression of fibrosis in mice with
lung and liver fibrosis.8 In particular, miR-130 was co-localized
with vimentin and a-smooth muscle actin (a-SMA) and found to
have a positive correlation with YAP nuclear localization. In addition,
miR-130 directly targeted peroxisome proliferator-activated receptor
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g (PPARg) and endothelin-1 in pulmonary hypertension vascular
cells.8 A network-based bioinformatics approach demonstrated that
the miR-130/301 family affected the pulmonary arterial endothelial
cells and smooth muscle cells in pulmonary hypertension.8 This
miRNA family did not exert similar control in both endothelial cells
and smooth muscle cells. For example, miR-130/301 controlled pul-
monary smooth muscle cells via the regulation of miR-204 and signal
transducer and activator of transcription 3 (STAT3), but controlled
the proliferation of pulmonary endothelial cells and apoptotic
signaling by regulating apelin, miR-424/503, and FGF2. These find-
ings suggested the complex regulatory networks of this miRNA
family. The true influence of individual miRNAs in fibrotic pathways
may be more widespread and hence needs to be explored.

Tuberous sclerosis complex is an autosomal-dominant disorder
affecting various organ systems. It results from mutations in TSC1
(hamartin) and TSC2 (tuberin).9 TSC1 and TSC2 form a complex
that negatively regulates the activity of the mammalian target of rapa-
mycin (mTOR) by inhibiting Ras homolog enriched in brain
(Rheb).10 mTOR is a serine/threonine kinase that plays an important
role in cell proliferation, growth, and survival. mTOR interacts with
several proteins to form two distinct complexes: mTOR1 and
mTOR2. mTOR1 controls cell growth and metabolism, while
mTOR2 is involved in cell survival.11–13 The active form of Rheb en-
hances the phosphorylation of mTOR substrates p70S6 kinase (S6K)
and 4E-BP1, and it promotes cell growth and proliferation.9 The
phosphatidylinositol 3-kinase (PI3K)/mTORC1/4E-BP1 axis affects
differentiation, collagen production, and proliferation of myofibro-
blasts induced by TGF-b.14,15 Recently, the overexpression of TSC1
and TSC2 was found to decrease the proliferation and differentiation
of myofibroblasts.16 These observations indicated the critical role of
TSC1/2 and mTOR in regulating human fibrotic phenotypes.

The present study showed that miR-301a was activated by TGF-b and
IL-6 stimulation in fibroblasts and overexpressed in a murine model
of fibrosis and patients with IPF. The genetic ablation of miR-301a in
mice protected against bleomycin-induced lung fibrosis. In addition,
the upregulation of TSC1 and the deactivation of mTOR in fibroblasts
with miR-301a ablation coincided with the reduced severity of fibrotic
tissue destruction in the lungs. The results demonstrated that the
miR-301a/TSC1/mTOR axis was a key positive regulator of fibrogen-
esis, providing a new target for the clinical treatment of pulmonary
fibrosis.

RESULTS
Overexpression of miR-301a in Fibroblasts Depended on STAT3

Levels

To evaluate the role of miR-301a in pulmonary fibrosis, the expres-
sion of miR-301a was measured first in patients with IPF. The expres-
sion levels of miR-301a mRNA were significantly higher in lung tis-
sues from patients with IPF than from normal donors. This result
was further demonstrated in fibroblasts isolated from the lung tissues
of patients with IPF and from the nonfibrotic lung tissues of normal
donors (Figures 1A and 1B). The intratracheal instillation of bleomy-
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cin-induced pulmonary fibrosis mouse models was also used to eval-
uate whether the expression level of miR-301a was higher in mice
with fibrosis. The results showed that the DCt values of miR-301a
normalized to a reference RNA (sno292) were significantly lower
(Figure 1C) in lung tissues from mice 1 week after bleomycin instilla-
tion compared with saline-treated controls. The difference in DCt
values represented a >32-fold upregulation ofmiR-301a. Correspond-
ingly, 2 and 3 weeks after treatment, the expression levels of miR-301a
were higher compared with the levels after saline treatment
(Figure 1C).

TGF-b and IL-6 are the two main cytokines involved in fibroblast
proliferation and activation. The mouse embryonic fibroblasts
(MEFs), normal fibroblasts (HFL1), and fibroblasts isolated from pa-
tients with IPF (IPF fibroblasts) were treated with TGF-b and IL-6 for
12 and 24 h, and the expression levels of miR-301a were determined.
As expected, the expression levels of miR-301a significantly increased
after TGF-b (Figures 1D–1F) or IL-6 (Figures 1G–1I) treatment.
Moreover, bioinformatics analysis indicated that STAT3 might bind
to the miR-301a promoter (Figure S1A). Both TGF-b and IL-6
induced STAT3 activation. Then, whether the two cytokines medi-
ated miR-301a upregulation via inducing STAT3 activation in fibro-
blasts was determined. The effect of miR-301a induction was found to
be abrogated with the treatment of STAT3 inhibitor S31-201 (Figures
S1B and S1C).
Response of Wild-Type (WT) and miR301a–/– Mice to Bleomycin

Bleomycin has been widely used in rodent pulmonary fibrosis models
to study themechanism of fibrosis. In this study, bleomycin or normal
saline (control group) was intratracheally instilled in WT and miR-
301a�/� mice, and lung tissues were collected on days 14 and 21 after
bleomycin or normal saline treatment (Figure 2A). First, the severity
of fibrosis was evaluated in WT and miR-301a�/� mice treated with
bleomycin. Compared with WT controls, miR-301a�/� mice showed
significantly less body weight loss (Figure 2B). Next, the survival of
WT andmiR-301a�/� mice after bleomycin administration was eval-
uated. WTmice andmiR-301a�/�mice began to die on day 4 and day
12, respectively, after bleomycin treatment. miR-301a�/� mice
showed significantly increased survival rates compared with their
WT littermates (Figure 2C). No mice treated with normal saline
died. Next, the changes in lung histology were evaluated 21 days after
the bleomycin injection. In WT mice, extensive fibrosis and collagen
deposition in lung tissues were found on day 21. In contrast, miR-
301a�/� mice had dramatically less pulmonary fibrosis on day 21
(Figures 2D–2F). Furthermore, the expression levels of a-SMA, which
is a marker of smooth muscle cells and is currently considered a
marker of myofibroblasts,17 were markedly reduced in miR-301a�/�

mice (Figure 2G). Accordingly, the expression levels of fibronectin
(Fn), vimentin, and a-SMA, which are markers of fibrosis, were all
significantly lower inmiR-301a�/�mice than inWTmice, as demon-
strated by western blot analysis (Figure 2H). These observations indi-
cated that the genetic deletion of miR-301a reduced the severity of
lung fibrosis following bleomycin injection.



Figure 1. Inflammation-Induced miR-301a Upregulation in Fibrotic Fibroblasts

(A) The expression of miR-301a in lung tissues from patients with idiopathic pulmonary fibrosis (IPF) and normal donors, as determined by qPCR. (B) The expression of miR-

301a in fibroblasts isolated from the lungs of patients with IPF lung and from nonfibrotic lungs of normal donors, as determined by qPCR. (C) The expression of miR-301a

during bleomycin-induced lung fibrosis. Lung tissue was harvested by tracheal infusion in bleomycin-induced WT mice (n = 5, each group) during and 1 week, 2 weeks, and

3 weeks after pulmonary fibrosis. The expression of miR-301a was detected by qPCR, and an equal dose of saline was perfused into the control group. (D–F) miR-301a

expression was induced by TGF-b (10 ng/mL) stimulation of mouse embryonic fibroblasts (MEFs, D), HFL1 cells (E), and IPF fibroblasts isolated from patients (F). (G–I) miR-

301a expression was induced by IL-6 stimulation of MEFs (G), HFL1 cells (H), and IPF fibroblasts isolated from patients (I). Values are expressed as mean ± standard

deviation. **p % 0.01, for differences between the groups with and without treatment or between the indicated groups.
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miR-301a Regulated TGF-b- and IL-6-Induced Fibroblast

Activation

Fibrosis is characterized by the accumulation of myofibroblasts, which
are derived from activated fibroblasts. Several cytokines, such as TGF-b
and IL-6, have been reported to promote fibroblast proliferation and
differentiation. Hence, this study explored whether miR-301a inhibi-
tion reduced fibroblast proliferation. Introducing the miR-301a inhib-
itor locked nucleic acid (LNA)-anti-miR-301a led to the inhibition of
proliferation of HFL1 cells and IPF fibroblasts. Upon TGF-b stimula-
tion, miR-301a inhibition with LNA-anti-miR-301a significantly
reduced the proliferation of HFL1 cells and IPF fibroblasts (Figures
3A and 3B). Treatment with TFG-b elicited an increment in the expres-
sion levels of Fn, vimentin, and a-SMA in both HFL1 cells and IPF fi-
broblasts, which were significantly reduced when LNA-anti-miR-301a
was introduced into HFL1 cells and IPF fibroblasts (Figures 3C and
3D). As miR-301a was demonstrated to be an activator of STAT3 in
various cells,18,19 whether miR-301a inhibition reduced the activation
of STAT3 was investigated next. As expected, less STAT3 activation
was found after miR-301a inhibition in TGF-b-treated IPF fibroblasts
(Figures 3E and 3F). These data suggested that miR-301a was required
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 219
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Figure 2. Response of WT and miR-301a–/– Mice to Bleomycin

(A) Schematic representation of the intratracheal instillation of bleomycin or saline into WT and miR-301a�/� mice, respectively (saline, n = 15; bleomycin, n = 20). (B) Body

weight loss during bleomycin-induced lung fibrosis in WT (n = 5) andmiR-301a�/� (n = 5) mice. (C) Survival of bleomycin-treated WT (n = 10) andmiR-301a�/�mice (n = 15).

The survival of the mice was monitored daily. The analysis group was found to be significantly different using the log rank test (p < 0.0001). (D) Hematoxylin and eosin (H&E)

histological sections of lung tissues after the indicated treatment. Scale bars, 100 mm. (E) Pathological scoring of lung tissues from (D). (F) Masson‘s trichrome staining

showed a significant increase in fibrosis in lung tissues isolated after the indicated treatment. Scale bars, 100 mm. (G) Immunohistochemical analysis of a-SMA in lung tissues

isolated after the indicated treatment. Scale bars, 50 mm. (H) The expression of fibronectin (Fn), vimentin, and a-SMA in lung tissues fromWT (n = 5) andmiR-301a�/� (n = 5)

mice treated with saline or bleomycin was detected by western blot analysis. Values are expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, for differences

between the groups with and without treatment or between the indicated groups.
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for not only proliferation of fibroblasts but also response of fibroblasts
to cytokines.

miR-301a Directly Targeted TSC1 in Fibroblasts

A previous study analyzed RNA22, miRWalk, miRanda, TargetS-
can, PITA, and miRDB databases to construct networks generated
using miR-301a-predicted target genes.20 Cell proliferation was the
main biological signaling pathway. From the list of target genes of
miR-301a, the present study focused on TSC1 and PTEN due to
their anti-proliferative function. Thus, the study verified whether
220 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
TSC1 was a direct target gene of miR-301a. The miRNA-target
prediction analysis revealed a major binding site for miR-301a
within the TSC1 RNA 30 UTR (Figure 4A). A luciferase reporter
assay showed that miR-301a directly bound to TSC1 mRNA and
downregulated TSC1 expression in 293T cells (Figures 4B and
4C). The true binding site of miR-301a with the TSC1 30 UTR
was further verified (Figures S2A and 2B). Next, MEFs were iso-
lated from WT and miR-301a�/� mice to evaluate PTEN and
TSC1 expression. TSC1 expression was significantly upregulated,
whereas PTEN expression was not altered in miR-301a�/� MEFs



Figure 3. miR-301a Regulated TGF-b-Induced Fibroblast Activation

(A and B) Lung fibroblasts, HFL1 cells (A), and lung fibroblasts (B) isolated from patients with IPF (IPF fibroblasts) were transfected with LNA-anti-control (anti-Ctl) or LNA-anti-

miR-301a (anti-miR-301a) for 48 h and treated with TGF-b (10 ng/mL) for 24, 48, and 72 h, respectively. Cell proliferation wasmeasured using a CCK-8 assay. (C and D) Lung

fibroblasts, HFL1 cells (C), and IPF fibroblasts (D) were transfected with anti-Ctl or anti-miR-301a for 48 h and treated with TGF-b (10 ng/mL) for 3, 6, and 24 h, respectively.

The expression of Fn, vimentin, and a-SMA was measured using western blot analysis. (E and F) IPF fibroblasts were transfected with anti-Ctl or anti-miR-301a for 48 h and

treated with TGF-b (10 ng/mL) (E) or IL-6 (10 ng/mL) (F) at the indicated times. The expression of phosphorylated Stat3 (p-Stat3) and Stat3 was measured by western blot

analysis. Values are expressed as mean ± standard deviation. *p < 0.05,**p < 0.01, for differences between anti-Ctl and anti-miR-301a groups.

www.moleculartherapy.org
compared with WT MEFs (Figure 4D). In HFL1 cells, TSC1
expression was also significantly upregulated in cells transfected
with LNA-anti-miR-301a compared with cells transfected with
LNA-anti-control (Figure 4E). In addition, fibroblasts were iso-
lated from three patients with IPF and reduced miR-301a expres-
sion by introducing LNA-anti-miR-301a. As shown in Figure 4F,
miR-301a inhibition with 50 pmol of LNA-anti-miR-301a signifi-
cantly upregulated the expression of TSC1 in fibroblasts from the
three patients. Furthermore, TSC1 expression was upregulated in
fibroblasts from IPF patients by introducing the inhibitor of other
miR-130/301 family members, including miR-130a, miR-130b, and
miR-301b. However, upregulation of PPARg was only found in fi-
broblasts with the inhibitors of miR-130a or miR-130b (Figures
S3A and S3B). Importantly, the expression levels of TSC1 were
significantly lower in lung tissues or fibroblasts from patients
with IPF than from normal donors (Figures 4G and 4H). Taken
together, these data indicated that miR-301a directly targeted
TSC1 mRNA in fibroblasts.

Inhibition of Lung Fibrosis in miR-301a–/– Mice Correlated with

the Deactivation of STAT3 and mTOR through the miR-301a

Target in Fibroblasts

Cell proliferation in fibrotic lung tissues was measured to evaluate the
role of miR-301a and TSC1 in regulating lung fibrosis. Significantly
fewer Ki67+ cells were found in miR-301a�/� mice compared with
WT mice treated with bleomycin (Figures 5A and 5B). Previous
studies demonstrated that TSC1 was a direct target of miR-301a.
Therefore, the expression of TSC1 in fibrotic lung tissues was evalu-
ated in WT and miR-301a�/� mice. As shown in Figures 5C and 5D,
the expression level of TSC1 was significantly higher in miR-301a�/�

mice than in WT mice. The present study also probed the expression
of other miR-301a target genes (PTEN, PIAS3, TP63, and SMAD4) in
either fibroblasts or fibrotic lung tissues in mice. However, the expres-
sion levels of PTEN, Pias3, Tp63, and SMAD4 remained largely un-
changed (Figures S4A–S4E). In particular, the expression levels of
PTEN were measured in both fibrotic mice and fibroblasts because
PTEN was demonstrated to be an miR-301a target gene in multiple
cells. The pathway enrichment of miR-130/301 targets revealed that
PTEN was involved in multiple signaling pathways in pulmonary hy-
pertension.8 Although the knockdown of miR-301a via LNA-anti-
miR-301a significantly enhanced PTEN expression in TGF-b-treated
HFL1 cells, PTEN expression was not altered in IPF fibroblasts and
lung tissues from fibrotic mice (Figures S4F and S4G). Collectively,
these data demonstrated that miR-301a-mediated target suppression
might be effective for TSC1 but not all miR-301a gene targets in the
fibrotic lungs.

Next, mTOR activation in lung tissues and three types of fibroblasts
(MEFs, HFL1 cells, and IPF fibroblasts) was measured. As expected,
significantly less mTOR and phosphorylated (p-)P70S6K1 activation
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 221
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Figure 4. miR-301a Directly Targeted TSC1 in Fibroblasts

(A) Prediction of major interference sites between miR-301a and the TSC1mRNA 30 UTR using TargetScan. (B) Luciferase activity in 293T cells transfected with the indicated

luciferase reporter with either a control plasmid or a precursor miR-301a plasmid. (C) Western blot analysis of TSC1 expression in 293T cells with the indicated luciferase

reporter with either a control plasmid or a precursor miR-301a plasmid. (D) Western blot analysis of Tsc1 and PTEN expression in MEFs isolated from WT or miR-301a�/�

mice. (E) Western blot analysis of TSC1 and PTEN expression in HFL1 cells transfected with either anti-Ctl or anti-miR-301a. (F) Western blot analysis of TSC1 and PTEN

expression in IPF fibroblasts transfected with either anti-Ctl or anti-miR-301a. (G) The expression of TSC1 in lung tissues from patients with IPF and normal donors, as

determined by qPCR. (H) The expression of TSC1 in fibroblasts isolated from the lungs of patients with IPF lung and from nonfibrotic lungs of normal donors, as determined by

qPCR. Values are expressed as mean ± standard deviation. *p < 0.05, for differences between the indicated groups.
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was found in the lung tissues ofmiR-301a�/�mice compared with the
lung tissues of WT mice (Figure 5E). Accordingly, mTOR and p-
P70S6K1 showed remarkably lower expression levels in three
different types of fibroblasts when miR-301a was inhibited (Figures
5F–5H). Consistent with previous reports, mTOR and p-P70S6K1
were constitutively activated in TGF-b-treated fibroblasts, as judged
by the increased phosphorylation of mTOR and p-P70S6K1. Howev-
er, significantly less mTOR and p-P70S6K1 activation and higher
expression levels of TSC1 were found in fibroblasts with miR-301a in-
hibition compared with TGF-b-treated control fibroblasts (Figures 5I
and 5J). Furthermore, the inhibition of miR-301a in IPF fibroblasts
significantly reduced mTOR activation when the cells were treated
with IL-6 (Figure 5K). Short hairpin RNA (shRNA)-TSC1 was intro-
duced in IPF fibroblasts to further determine whether the reduction of
mTOR with miR-301a inhibition was due to TSC1 expression. First,
four shRNAs against TSC1 were used and shTSC1-1, shTSC1-3, and
222 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
shTSC1-4 were found to significantly downregulate TSC1 expression
in 293T cells (Figure S5A). Thus, shTSC1-1 was used for the following
experiments. mTOR activation was significantly reduced when LNA-
anti-miR-301a was introduced into IPF fibroblasts, whereas concom-
itant TSC1 knockdown reversed the status of mTOR activation (Fig-
ure 5L). Importantly, forced expression of TSC1 in fibroblast reversed
the proliferative phenotype induced by miR-301a (Figure 5M).
Collectively, the results suggested that miR-301a activated the
mTOR pathway by negatively regulating TSC1 in fibroblasts and pro-
moted the progression of pulmonary fibrosis.

miR-301a Inhibition inWTMice Ameliorated Pulmonary Fibrosis,

which was Reversed by TSC1 Knockdown

Given the attenuation of pulmonary fibrosis in miR-301a-deficient
mice, the present study investigated whether inhibiting miR-301a
with an LNA-based oligonucleotide complementary to miR-301a



(legend on next page)
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(anti-miR-301a) could effectively reduce bleomycin-induced pulmo-
nary fibrosis. First, the anti-miR-301a was intravenously injected into
WT mice for 5 consecutive days before bleomycin treatment (Fig-
ure 6A). Compared with anti-miRNA control, anti-miR-301a admin-
istration significantly downregulated miR-301a expression (Fig-
ure 6B) and upregulated its target TSC1 (Figure 6C). Consistent
with gene expression, the severity of pulmonary fibrosis was consis-
tently attenuated by anti-miR-301a (Figure 6D). Next, the study
determined whether miR-301a inhibition reduced the injury in
mice with fibrosis by elevating the expression levels of TSC1. The
shTsc1 lentivirus was prepared against Tsc1 expression and intrave-
nously injected into miR-301a�/� mice (Figure 6E). Compared with
the control group, shTsc1 administration significantly downregulated
TSC1 and upregulated its downstream genes p-mTOR (Figures 6F
and 6G). The severity of pulmonary fibrosis significantly increased
with shTsc1 administration inmiR-301a�/�mice, as judged by hema-
toxylin and eosin (H&E) and a-SMA staining (Figure 6H). These ob-
servations complemented the findings of the present study that the in-
hibition of miR-301a and elevation of the expression levels of TSC1 in
mice reduced pulmonary fibrosis, suggesting that prophylactic anti-
miR-301a administration protected animals from bleomycin-induced
pulmonary fibrosis.

DISCUSSION
The present study provided a novel insight into the molecular
mechanisms of pulmonary fibrosis. It found that the deletion of
miR-301a alleviated pulmonary fibrosis by targeting TSC1, which
negatively regulated its downstream mTOR pathway. Several fibro-
genic growth factors and cytokines, such as TGF-b, platelet-
derived growth factor (PDGF), IL-1b, IL-6, IFN-g, and TNF-a,
are considered to be the key regulators in the pathogenesis of
fibrosis.21 miR-130 and miR301a have been reported to be acti-
vated by these cytokines in tumor and inflammatory cells. The pre-
sent study found that the expression levels of miR-301a signifi-
cantly increased in fibroblasts, including MEFs, HFL1 cells, and
IPF fibroblasts activated with TGF-b or IL-6. Moreover, the
STAT3 inhibitor S31-201 reversed miR-301a expression in fibro-
blasts induced by TGF-b and IL-6, thus implying that the activa-
tion of miR-301a in pulmonary fibrosis depended on STAT3. A
previous study revealed that miR-301a was overexpressed during
Figure 5. Inhibition of Lung Fibrosis in miR-301a–/– Mice Correlated with Inhibi

(A) Ki67 staining showed cell proliferation in fibrotic lung tissues fromWT (n = 5) andmiR-

counts in fibrotic lung tissue sections. (C) Western blot analysis of Tsc1 expression

Immunohistochemical staining for Tsc1 in fibrotic lung tissues from WT (n = 5) and miR

analysis of phosphorylated mTOR (p-mTOR) and phosphorylated 70S6K1 (p-P70S6K1

expression in MEFs isolated fromWT ormiR-301a�/�mice. (G) Western blot analysis of

anti-miR-301a. (H) Western blot analysis of p-mTOR and p-P70S6K1 expression in IP

transfected with either anti-Ctl or anti-miR-301a for 48 h and treated with TGF-b (10 ng/m

expression in HFL1 cells. (J) IPF fibroblasts were transfected with anti-Ctl or anti-miR-30

of p-mTOR, p-P70S6K1, and TSC1 was measured by western blot analysis. (K) IPF fibro

(10 ng/mL) at the indicated times. The expression of p-mTOR and TSC1 was measur

shRNA, including anti-Ctl, anti-miR-301a, or shRNA-TSC1. The expression of p-mT

transfected with the indicated plasmids for 24, 48, and 72 h, respectively. Cell prolifera

deviation. **p % 0.01, for differences between WT and miR-301a�/� mice treated with

224 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
the transformation of BEAS-2B cells induced by chronic exposure
to arsenic, which was controlled by the activation of STAT3 and
eventually contributed to lung tumorigenesis. Increasing epidemi-
ological evidence supports an association between IPF and lung
cancer. However, the present study indicated that miR-301a might
be the driving force of pulmonary fibrosis-associated lung cancer,
thus suggesting promising therapeutic targets for this disease
combination.

The data of the present study were distinct from previous findings in
terms of increased expression levels of miR-130/301a in lung and liver
tissues in pulmonary hypertension and fibrotic disease.22 The present
study demonstrated that miR-301a upregulation was profibrotic in
fibroblast activation through its capacity to enhance mTOR expres-
sion. The inhibition of miR-301a has been shown to reduce mTOR
activation and collagen contents using the bleomycin murine model
of pulmonary fibrosis. Furthermore, the present study identified a
new target of miR-301a, TSC1, in fibroblasts, and enhancing TSC1
expression in mice reduced injuries in fibrotic lung tissues.

TGF-b-induced fibroblast hyperproliferation or activation and
excessive extracellular matrix deposition are the main events during
fibrogenesis. The present study showed that the inhibition of miR-
301a expression reduced the differentiation and proliferation of
normal and IPF fibroblasts, supporting a significant correlation be-
tween miR-301a and the progression of pulmonary fibrosis. In pul-
monary fibroblasts, TGF-b binds to its receptor subunits, type I and
type II (TGFbR1 and TGFbR2),23 and it activates the SMAD-
signaling complex. Given that SMAD4 is an identified miR-301a
target in multiple cancers, including lung,24 prostate,21 and pancre-
atic cancers,25 the present study investigated whether SMAD4 was
upregulated in fibroblasts with miR-301a inhibition. However, the
expression levels of SMAD4 did not differ between these two
groups, nor did the expression levels of two other miR-301a vali-
dated targets, PIAS3 and TP63, which inhibited cell proliferation.
This study identified TSC1 as a novel target gene of miR-301a in fi-
broblasts and fibrotic mice. TSC1 is widely distributed in various or-
gans, such as brain, lung, kidney, and heart. Increasing evidence in-
dicates that TSC1 plays an important role in regulating cellular
physiological processes, including cell proliferation and the cell
tion of mTOR through Upregulating TSC1 in Fibroblasts

301a�/� (n = 5) mice treated with bleomycin. Scale bars, 50 mm. (B) Ki67-positive cell

in lung tissues from WT and miR-301a�/� mice with the indicated treatment. (D)

-301a�/� (n = 5) mice treated with bleomycin. Scale bars, 50 mm. (E) Western blot

) expression in lung tissues. (F) Western blot analysis of p-mTOR and p-P70S6K1

p-mTOR and p-P70S6K1 expression in HFL1 cells transfected with either anti-Ctl or

F fibroblasts transfected with either anti-Ctl or anti-miR-301a. (I) HFL1 cells were

L) at the indicated times. Western blot analysis of p-mTOR, p-P70S6K1, and TSC1

1a for 48 h and treated with TGF-b (10 ng/mL) at the indicated times. The expression

blasts were transfected with anti-Ctl or anti-miR-301a for 48 h and treated with IL-6

ed by western blot analysis. (L) IPF fibroblasts were transfected with the indicated

OR and TSC1 was measured by western blot analysis. (M) IPF fibroblasts were

tion was measured by a CCK-8 assay. Values are expressed as mean ± standard

bleomycin.



Figure 6. Reducing Bleomycin-Induced Pulmonary Fibrosis in Mice Correlated with miR-301a Knockdown and Elevated Tsc1 Expression

(A) Schematic representation of the tail vein injection with anti-Ctl or anti-miR-301a intoWTmice, respectively (n = 5 per group). (B) The expression of miR-301awas evaluated

by qPCR (n = 5 per group). (C) The expression of Tsc1 was detected by immunohistochemical analysis in WT mice. Scale bars, 75 mm. (D) H&E-stained sections and

pathological scores of lung tissues. Scale bars, 100 mm. (E) Schematic representation of the tail vein injection with sh-Ctl or shTsc1 lentivirus supernatant intomiR-301a�/�

mice (n = 5 per group). (F) Tsc1 and p-mTOR expression in lung sections frommiR-301a�/�mice (n = 3) with either sh-Ctl or shTsc1 injection was determined by western blot

analysis. (G) The degree of fibrosis was shown with H&E staining (scale bars, 100 mm) and immunohistochemical analysis of a-SMA (scale bars, 50 mm) in lung tissues from

miR-301a�/� mice. (H) Tsc1 and p-mTOR expression was measured by immunohistochemical staining. Scale bars, 50 mm. Values are expressed as mean ± standard

deviation. **p < 0.01, for differences between the indicated groups.
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cycle. The present study found that miR-301a negatively regulated
TSC1 expression in vitro and in vivo, especially in fibroblasts. The
targeted inactivation of miR-301a in fibroblasts and mouse lungs el-
evates the expression levels of TSC1, leading to restrained cell pro-
liferation, extensive fibrosis, and collagen deposition in mice. Given
that the miR-130/301 family members share the same “seed
sequence,” TSC1 expression was also upregulated by introducing
the inhibitors of other miR-130/301 family members in fibroblasts,
which demonstrate the extensive role of this miRNA family. Inter-
estingly, PPARg was only affected by miR-130a/b, but not miR-
301a/b, in IPF fibroblasts, suggesting that this miRNA family may
control fibrotic phenotypes in vitro, which are dependent on the
cellular context. TSC1 is closely related to the mTOR pathway.14
The present study next confirmed that inhibiting the expression
of TSC1 in miR-301a�/� mice significantly activated mTOR and
promoted pulmonary fibrosis. This study was novel in linking the
inflammation stimulator miR-301a and the master regulator of
cell growth and proliferation, that is, mTOR. Taken together, the
present study identified a new target of miR-301a and confirmed
that miR-301a activated the mTOR signaling pathway by negatively
regulating TSC1, thus promoting the activation and proliferation of
fibroblasts, formation of myofibroblasts, and collagen deposition
and eventually leading to pulmonary fibrosis. The observations as-
certained that inhibiting the miR-301a-mediated TSC1/mTOR
pathway was a promising therapeutic strategy for treating fibrotic
pulmonary diseases.
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MATERIALS AND METHODS
Bleomycin Induced Pulmonary Fibrosis in Mice

The generation of miR-301a�/� mice in the C57BL/6 � 129S hybrid
background has been described previously.19 All mice were kept un-
der pathogen-free conditions. All mouse experiments were performed
and approved by the Institutional Animal Care andUse Committee of
The First Affiliated Hospital of Guangzhou Medical University. Pul-
monary fibrosis was induced by a single intratracheal instillation of
0.9% saline or bleomycin (3 mg/mL; Nippon Kayaku, Japan) in a vol-
ume of 50 mL, into mice. On days 14 and 21 after bleomycin instilla-
tion, the mice were sacrificed and lung tissues were rapidly collected.
The tissues were fixed in 4% paraformaldehyde for histological anal-
ysis or were kept at –80�C for subsequent quantitative polymerase
chain reaction (qPCR) and western blot analysis.
Patient Data

To analyze the expression of miR-301a, lung tissues were obtained
from patients with IPF. All patients were from the Department of Res-
piratory Medicine, The First Affiliated Hospital of Guangzhou Med-
ical University (Table S1). All human lung tissues of IPF were ob-
tained from biopsy using video-assisted thoracoscopic surgery
following approved procedures. All diagnoses of IPF were made in
accordance with the American Thoracic Society/European Respira-
tory Society (ATS/ERS) criteria for IPF 2011 and determined histo-
logically. Normal donor lung tissues were obtained from mechanical
pneumothorax patients. The study protocol was approved by the
Clinical Research Ethics Committee of the Guangzhou Medical Uni-
versity. Written informed consent was obtained from all participants
before starting the study.
Cell Culture and Reagents

The HFL1 cell line was purchased and authenticated from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China). Based
on previous experiments, human fibroblasts were extracted from pa-
tients diagnosed with IPF using lung biopsies.26 All cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)/nutrient mixture
F-12 supplemented with 10% fetal bovine serum (FBS). MEF fibro-
blasts were isolated from the embryos of WT and miR-301a�/�

mice and cultured in MEF medium (DMEM supplemented with
10% FBS, 1% penicillin/streptomycin, and 1% non-essential amino
acids [NEAAs]). All cell lines were cultured at 37�C with 5% CO2.
Human recombinant TGF-b and IL-6 were purchased from Pepro-
Tech (Shuzhou, China). LNA-anti-Control and LNA-anti-miR-
301a for in vitro applications were purchased from Exiqon (MA,
USA).
Cell Proliferation Assay

The cells were seeded in a 96-well plate, transfected with LNA-anti-
control or LNA-anti-miR-301a, and then treated with TGF-b
(10 ng/mL) to evaluate cell viability at different time points. Cell pro-
liferation was determined using Cell Counting Kit-8 (CCK-8; Do-
jindo Molecular Technologies, China) following the manufacturer’s
protocol.
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Cell Transfection

HFL1 cells and IPF fibroblasts were transfected with LNA-anti-con-
trol or LNA-anti-miR-301a using Lipofectamine RNAiMAX reagent.
For the knockdown of TSC1 in human cells, the shTSC1-1 (50-
GCACTCTTTCATCGCCTTTAT-30), shTSC1-2 (50-CACCTCTTG
GACAGGATTAAC-30), shTSC1-3 (50-AAAGAAGAAGCTGCAA
TATCT-30), shTSC1-4 (50-GCAGCCATCTTGGAAGCATAA-30),
and nonsense sequence (shRNA-control, 50-GGTGTGCAGTTG
GAATGTA-30) were synthesized and ligated into anmiRZip lentivec-
tor-based anti-miRNA vector (System Biosciences, USA). TSC1
cDNA was amplified and ligated into the same plasmid. HEK293T
cells were seeded in a six-well plate and transfected with 0.75 mg of
pRSV-rev, 0.75 mg of pMDL-rre, 0.75 mg of pMD2.G, and 1 mg of
shRNA plasmid construct. The cells were cultured at 37�C for 48 h,
and the supernatant with the virus was harvested. Then, the fibro-
blasts were infected with the virus in the presence of 8 mg/mL Poly-
brene; the medium was changed 6 h after infection.
Quantitative Real-Time PCR

Total RNA was isolated using TRIzol (Invitrogen, USA) following the
manufacturer’s recommendations. The RNA was reverse transcribed
with an iScript reverse transcription supermix kit (Bio-Rad, CA,
USA) following the manufacturer’s protocol. Real-time PCR for
miR-301a detection was performed using the TaqMan assay (Thermo
Fisher Scientific, USA) with sno292 (mice) or U6 (human) small nu-
clear RNA as a reference and a CFX96 real-time PCR detection sys-
tem (Bio-Rad, USA).
Western Blot Analysis

The proteins were extracted from fibroblasts or lung tissues using ra-
dioimmunoprecipitation assay (RIPA) lysis buffer (Cell Signaling
Technology, USA) supplemented with a protease inhibitor (Thermo
Fisher Scientific, USA). The proteins were then subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto
polyvinylidene fluoride membranes (Immobilon-P transfer mem-
brane), blocked with 5% nonfat dry milk for 1 h, and then incubated
with the primary antibodies at 4�C overnight. The primary antibodies
were as follows: TSC1 (20988-1-1AP, Proteintech, USA), p-mTOR-
S2448 (381557, ZenBio, USA), p-P70S6K1-T389 (AP0564, ABclonal,
China), anti-Fn (ab2413, Abcam, USA), anti-a-SMA (ab5694, Ab-
cam), vimentin (A11952, ABclonal), Ki67 (A2094, ABclonal),
STAT3 (9139, CST, USA), p-Stat3-Tyr705 (9145, CST), PTEN
(A11193, ABclonal), SMAD4 (38454, CST), TP63 (A12968, ABclo-
nal), PIAS3 (A7060, ABclonal), and b-actin (AC026, ABclonal). After
washing with Tris-buffered saline (TBS) with Tween 20 (TBST)
buffer, the membranes were incubated for 1 h at room temperature
with a horseradish peroxidase (HRP)-conjugated anti-rabbit or
anti-mouse secondary antibody. The immunoreactive proteins were
visualized with a SuperSignal West Pico chemiluminescent substrate
(Thermo Fisher Scientific, USA). The images were scanned using a
Tanon 5200 automatic chemiluminescence imaging analysis system
and acquired using PVCAM software (Tanon, China). All experi-
ments were performed in triplicate.
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Immunohistochemistry

The lung tissues were fixed in 10% formalin solution. Paraffin was
used to encapsulate the chips, and then 3-mm-thick slices were pre-
pared. The sections were stained with H&E and Masson’s trichrome
to detect interstitial volume expansion. The antigen was repaired with
sodium citrate buffer in a water bath at 96�C. After washing with
phosphate-buffered saline three times and 3% H2O2 for 5 min, the
sections were blocked with 10% normal goat serum. For immunohis-
tochemical staining to measure the levels of a-SMA, Ki67, Tsc1,
and p-mTOR, the lung tissue sections were incubated with these
primary antibodies at 4�C overnight. The tissue sections were devel-
oped using an Ultra Vision Detection System (Thermo Fisher Scien-
tific, MA, USA).
Luciferase Reporter Assay

The 30 UTR sequence of TSC1, including two predicted miRNA
recognition elements, was synthesized and subcloned into the psi-
CHECK-2 (C8021, Promega, USA) dual luciferase reporter vector.
HEK293T cells were transfected with the psiCHECK-2 vector using
TSC1 30 UTR or pre-miR-301a or pre-miR-control. Then, cells
were lysed and the activities of firefly and Renilla luciferases were
determined using a dual luciferase reporter assay system (GeneCo-
poeia, USA) 48 h after transfection following the manufacturer’s pro-
tocol. Normalized data were calculated as the ratio of Renilla/firefly
luciferase activities.
In Vivo Administration of LNA-Anti-miR-301a or Tsc1 shRNA

Lentivirus

For miR-301a inhibition in murine fibrosis, LNA-modified antisense
to miR-301a or LNA miRNA inhibitor control was intraperitoneally
injected into mice; the total dose for anti-miR-301a or control-anti-
miR was 20 mg/kg of body weight. For the knockdown of Tsc1 in
mice, shRNA-Tsc1 (50-CAACACGTTGGTTGATTATTA-30) or
Tsc1 sequence with nonsense mutation (shRNA-control, 50-
GTGTGCAGTTGGAATGTA-30) was synthesized and ligated into
miRZip lentivector-based vectors. The lentivirus was prepared in
HEK293 T cells, and then the supernatant containing the virus
(1 � 108 plaque-forming units [PFU]) was injected into mice via
the tail vein. After 5 days of continuous injection with the lentivirus,
the mice were intratracheally instilled with bleomycin, and the lung
tissues were collected on day 14. Western blot analysis was performed
to ensure that the silencing was achieved.
Statistical Analysis

Data were expressed as the mean ± standard deviation of at least three
independent experiments. The results were statistically analyzed us-
ing a two-tailed Student t test for two-group comparisons or one-
way analysis of variance for multiple-group comparisons. The statis-
tical significance was set at a p value <0.05 or a p value <0.01.
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