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Abstract

Pulmonary fibrosis (PF) is a type of interstitial pneumonia with complex etiology and high mortality, characterized by
progressive scarring of the alveolar interstitium and myofibroblastic lesions. Recently, there has been growing appreciation
of the importance of long non-coding RNAs (IncRNAs) in organ fibrosis. The aim of this study was to investigate the role of
IncRNAs in lung fibrosis. We used a qRT-PCR assay to identify dysregulated IncRNAs in the lungs of mice with
experimental, bleomycin (BLM)-induced pulmonary fibrosis, and a series of molecular assays to assess the role of the novel
IncRNA NONMMUTO060091, designated as pulmonary fibrosis inhibitor (PFI), which was significantly downregulated in
lung fibrosis. Functionally, knockdown of endogenous PFI by smart silencer promoted proliferation, differentiation, and
extracellular matrix (ECM) deposition in primary mouse lung fibroblasts (MLFs). In contrast, overexpression of PFI partially
abrogated TGF-B1-induced fibrogenesis both in MLFs and in the human fetal lung fibroblast MRC-5 cells. Similarly, PFI
overexpression attenuated BLM-induced pulmonary fibrosis compared with wild type (WT) mice. Mechanistically, using
chromatin isolation by RNA purification-mass spectrometry (ChIRP-MS) and an RNA pull-down assay, PFI was found to
directly bind Serine/arginine-rich splicing factor 1 (SRSF1), and to repress its expression and pro-fibrotic activity.
Furthermore, silencing of SRSF1 inhibited TGF-p1-induced proliferation, differentiation, and ECM deposition in MRC-5
cells by limiting the formation of the EDA+Fnl splicing isoform; whereas forced expression of SRSF1 by intratracheal
injection of adeno-associated virus 5 (AAVS) ablated the anti-fibrotic effect of PFI in BLM-treated mice. Overall, these data
reveal that PFI mitigated pulmonary fibrosis through negative regulation of the expression and activity of SRSF1 to decrease
the formation of the EDA+Fn1 splicing isoform, and suggest that PFI and SRSF1 may serve as potential targets for the
treatment of lung fibrosis.

Introduction

Pulmonary fibrosis (PF) is a progressive, irreversible chronic
inflammatory disorder, strongly age-related and with limited
therapeutic options [1, 2]. It mainly includes idiopathic pul-
Edited by H. Ichijo monary fibrosis (IPF), allergic pneumonia, pneumoconiosis,
sarcoidosis, and fibrogenic alveolitis related to collagen
deposition. These forms of PF are caused by different sti-
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autoimmune reaction, and adverse drug reactions [3-5].
Cell senescence, epigenetic regulation, and environmental
factors may cause PF [6-8], but the corresponding specific
mechanisms have not been elucidated. Previous studies have
shown that the main pathophysiological features in the pro-
cess of PF include alveolar epithelial cells injury, abnormal
activation of fibroblasts, and excessive deposition of extra-
cellular matrix (ECM), eventually leading to respiratory fail-
ure and loss of pulmonary gas exchange function [9, 10].
Although the antifibrotic drugs pirfenidone and nintedanib
have been approved for the clinical treatment of IPF, their
toxicity and poor prognosis make this disease an open and
urgent medical problem [11-13]. Therefore, it is particularly
important to further explore the pathogenesis of PF, and to
find novel targets for its diagnosis and treatment.

In recent years, a large number of studies have found that
long non-coding RNAs (IncRNAs) are involved in the
regulation of tissue repair and organ fibrosis, including
cardiac fibrosis [14], hepatic fibrosis [15], renal fibrosis
[16], and PF [17]. Yan et al. found that IncRNA MALATI
regulates the expression of PI3K P85 through competitive
binding with miR-503, thus accelerating the process of
epithelial-to-mesenchymal transition (EMT) and promoting
PF induced by silica [18]. Liu et al. found that IncRNA PCF
promoted TGF-pl-induced epithelial cell proliferation
through competitive adsorption of miR-344-5p, while its
silencing could significantly reduce PF in mice [19]. Our
previous studies have revealed that IncRNA PFAR reg-
ulates the expression of YAP1/Twist through competitive
binding to miR-15a/miR-138, and participates in the reg-
ulation of IPF [20, 21].

In addition to endogenous competitive binding with
microRNAs, IncRNAs also participate in the process of
organ fibrosis through transcriptional regulation and epi-
genetic modifications. Hao et al. revealed that IncRNA
SAFE combines with its adjacent gene Sfrp2, tran-
scriptionally regulating the expression of its mRNA and
thus playing an anti-fibrotic role [22]. Wang et al. found that
IncRNA NRON reduces cardiac fibrosis by upregulating the
phosphorylation level of the transcription factor NFATc3
[23]. The IncRNA TSI, moreover, targets the MH2 domain
of the Smad3 protein, blocking its interaction with the TGF-
B I receptor, thereby inhibiting the TGF-f/Smad signaling
pathway and relieving renal fibrosis [24]. Taken together,
these studies confirm that IncRNAs can also participate in
the occurrence of organ fibrosis by regulating the activity of
transcription factors, interacting with proteins, and inter-
fering with the expression of adjacent genes.

Here, we identified a IncRNA, NONMMUTO060091,
with low expression in bleomycin (BLM)-induced PF,
which we named pulmonary fibrosis inhibitor (PFI), and
explored its function and mechanism in PF. Because of the
mainly nuclear location of PFI, we hypothesized that it

could play a role in the process of lung fibrosis through
binding to some proteins. Moreover, we aimed to determine
whether it could be used as a nucleic acid drug to interfere
with the progression of PF through exogenous administra-
tion, thus providing a novel strategy for the prevention and
treatment of lung fibrosis.

Results

Inhibition of IncRNA PFI promotes fibrogenesis in
primary mouse lung fibroblasts (MLFs)

First, we performed a qRT-PCR assay to examine the dys-
regulated IncRNAs in the lungs of mice with experimental,
BLM-induced PF. As shown in Fig. 1A, six IncRNAs
were upregulated, whereas two were downregulated in the
lungs of BLM mice. Among the latter, we found that
IncRNA NONMMUTO060091, which we named PFI, was
also markedly decreased in TGF-p1-treated primary MLFs
(Fig. 1B).

To examine whether PFI is involved in the process of
PF, we constructed a smart silencer (SSi-PFI) to inhibit
its endogenous expression in MLFs (Fig. 1C). qRT-PCR
showed that PFI knockdown promoted the expression of
collagen lal, collagen 3al, Fnl, CTGF, and ACTA2
mRNAs in MLFs (Fig. 1D). At the same time, PFI
inhibition resulted in the upregulation of Fnl, Collagen
I, and a-SMA at the protein level compared with the
negative control (SSi-NC) (Fig. 1E). Since abnormal
activation of myofibroblasts and excessive proliferation
of fibroblasts are the major causes of fibrosis, in order to
fully reveal the mechanism by which PFI regulates PF,
we further explored its possible involvement in the for-
mation of myofibroblasts. As illustrated in Fig. 1F, PFI
knockdown promoted the transition of fibroblasts into
myofibroblasts. Moreover, we found that silencing PFI
could significantly promote the proliferation of fibro-
blasts (Fig. 1G). We also used a wound healing assay to
examine the effect of PFI on the migration ability of
fibroblasts. As shown in Fig. 1H, PFI knockdown could
significantly increase the ability of cells to migrate and
promote wound healing.

Forced expression of IncRNA PFI attenuates TGF-B1-
induced fibrogenesis in MLFs

Next, we transfected PFI into TGF-p1-treated MLFs to
further determine its potential anti-fibrotic effect
(Fig. 2A), the RNA sequences we used were shown in
Supplemental Fig. 1. As expected, qRT-PCR showed
that TGF-B1 could significantly promote the mRNA
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Fig. 1 Knockdown of IncRNA PFI results in fibrogenesis of MLFs.
A gRT-PCR analysis showed six upregulated and two downregulated
IncRNAs in BLM-treated mice compared to saline-treated mice.
B LncRNA NONMMUT060091, which we named IncRNA pulmonary
fibrosis inhibitor (IncRNA PFI), was dramatically reduced in TGF-B1-
treated mouse lung fibroblasts (MLFs). C, D gRT-PCR assays of rela-
tive IncRNA PFI, collagen 1al, collagen 3al, Fnl, CTGF, and ACTA2
expression in MLFs treated with SSi-PFI or SSi-NC. E Western blots
demonstrated markedly increased expression of fibrosis-related proteins

expression of collagen lal, collagen 3al, Fnl, CTGF,
and ACTA2 in MLF cells, which was nearly completely
suppressed by PFI overexpression (Fig. 2B). In addition,
Western blot assays also showed that PFI could inhibit
the increase of Fnl, Collagen I, and a-SMA protein
expression induced by TGF-p1 (Fig. 2C). Through
immunofluorescence experiments, we found that PFI
overexpression could significantly reduce the expression
of a-SMA induced by TGF-f1, and blunt the differ-
entiation into myofibroblasts (Fig. 2D). Through the EAU
assay, we found that overexpression of PFI could sig-
nificantly inhibit the proliferation of fibroblasts driven by
TGF-p1 (Fig. 2E). At the same time, as shown in Fig. 2F,
forced expression of PFI significantly attenuated cell
migration and abated wound healing.

SPRINGER NATURE

Fnl, Collagen I, and a-SMA in SSi-PFI transfected MLFs. F Immu-
nofluorescence staining of a-SMA suggested acceleration of the
fibroblast-myofibroblast transition after silencing of IncRNA PFI; bar =
20um; n=1>5 independent experiments. G EdU fluorescent staining
indicated that IncRNA PFI inhibition promoted the proliferation of
MLFs; bar =50 um. H A wound healing assay showed that the sup-
pression of IncRNA PFI facilitated MLFs migration; bar =200 um.
*P <0.05; **P <0.01. MLFs mouse lung fibroblasts, SSi-PFI PFI smart
silencer, SSi-NC negative control smart silencer.

Enhanced expression of IncRNA PFI prevents
experimental lung fibrosis in mice

In order to evaluate the role of PFI in vivo, we constructed
transgenic mice with systemic overexpression of PFI (TG-
PFI) and verified the overexpression efficiency (Fig. 3A).
gRT-PCR results showed that the mRNA expression levels
of collagen lal, collagen 3al, Fnl, and ACTA2 were
up-regulated in the lungs of wild type (WT) mice after
intratracheal injection of BLM, whereas none of these
fibrosis-related factors showed change in BLM-treated
TG-PFI mice (Fig. 3B). As shown in Fig. 3C, Western
blots also showed that PFI could inhibit the increase of Fnl,
Collagen I, and a-SMA at the protein level induced by
BLM in the lungs. Moreover, micro-computed tomography
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Fig. 2 Overexpression of IncRNA PFI alleviates TGF-p1-induced
fibrogenesis in MLFs. A Overexpression of IncRNA PFI was con-
firmed by qRT-PCR. B qRT-PCR analysis of the relative mRNA
expression of collagen lal, collagen 3al, Fnl, CTGF, and ACTA2 in
TGF-B1-induced MLFs transfected with IncRNA PFI. C Western blots
showed that overexpression of IncRNA PFI abated the increased
synthesis of fibrotic proteins induced by TGF-B1. D Forced expression

(Micro-CT) results demonstrated that the lung shadow was
increased in BLM-treated WT mice, and that such increase
was relieved in BLM-treated TG-PFI mice (Fig. 3D).
Moreover, H&E staining showed that the alveolar septum
was destroyed and broadened in BLM-treated WT mice,
accompanied by the infiltration of inflammatory cells,
whereas such effect was not present in TG-PFI mice
(Fig. 3E). Meanwhile, the results of Masson staining and
Collagen I immunohistochemical staining revealed that
overexpression of PFI could reduce collagen deposition in
the lungs of BLM-treated mice (Fig. 3E). And, the results of
a-SMA immunohistochemical staining showed that over-
expression of PFI could reduce the transdifferentiation of
MLFs into myofibroblasts induced by BLM (Fig. 3E). In
addition, the Ashcroft Score and the hydroxyproline content
reaveled that PFI significantly mitigated the degree of
lung fibrosis and reduced collagen deposition (Fig. 3F-G).
These results suggested that, consistent with the in vitro

of IncRNA PFI impeded the fibroblast-myofibroblast transition driven
by TGF-B1, as assessed by immunofluorescence assay; bar = 20 um;
n=>5 independent experiments. E EdU assay (bar=50pum) and
F wound healing experiments (bar =200 um) indicated that the
transfection of IncRNA PFI hindered proliferation and migration of
TGF-p1-treated MLFs. *P<0.05; **P<0.0l. MLFs mouse lung
fibroblasts.

experiments, forced expression of PFI alleviated BLM-
induced PF in mice by reducing ECM deposition and
fibroblast differentiation.

LncRNA PFl is able to bind to and regulate the
expression of SRSF1

It is currently believed that how IncRNAs perform their
biological function is closely related to their cellular loca-
lization [25]. Through FISH experiments, we found that
IncRNA PFI mainly resides in the nucleus of MLFs
(Fig. 4A). It has been found that the primary mechanism by
which IncRNAs participate in the regulation of biological
processes in the nucleus depends on their binding to pro-
teins and thus regulating their expression and activity.
Therefore, we performed a chromatin isolation by RNA
purification-mass spectrometry (ChIRP-MS) assay to
explore the proteins bound by PFI and mediating its anti-

SPRINGER NATURE
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Fig. 3 Forced expression of IncRNA PFI inhibits lung fibrosis in
BLM-treated mice. A qRT-PCR analysis of the relative expression of
IncRNA PFI in WT and TG-PFI mice. B The mRNA expression level
of collagen lal, collagen 3al, Fnl, and ACTA2 decreased dramati-
cally in BLM-treated TG-PFI mice compared with BLM-treated WT
mice. C Western blots showed reduced fibrosis-associated protein
expression in BLM-treated TG-PFI mice compared with BLM-treated
WT mice. D Micro-CT indicated a reduced shaded area in the lungs of
TG-PFI mice when exposed to BLM; n =3 mice. E TG-PFI mice
exhibited attenuated collagen deposition and more complete structure

fibrotic effects (Fig. 4B). The functional annotations of the
interacting proteins were obtained from the Gene Ontology
(GO) database, and pathway enrichment analysis was car-
ried out using the Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) database. The results of these analyses
showed that the interacting proteome of PFI was sig-
nificantly enriched in protein complexes related to alter-
native splicing (Fig. 4C, D). The protein—protein interaction
of some PFI-binding proteins was shown in Fig. 4E. In
particular, the MS assay suggested the binding of splicing
factor SRSF1 to PFI (Fig. 4F). In order to further confirm
such binding, we designed a set of biotin-labeled specific
probes to pull down the proteins directly bound to
PFI. We used sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) to separate the pulled protein
complex, and the results showed that SRSF1 was indeed
among in the pulled proteins (Fig. 4G). Furthermore,
Western blot assays demonstrated that silencing PFI
increased the expression of SRSF1, whereas overexpression
of PFI inhibited TGF-p1-induced up-regulation of SRSF1 in
MLFs (Fig. 4H, I). Consistent with these results, BLM
administration promoted the expression of SRSF1 in WT
mice, but not in TG-PFI mice (Fig. 4J). These results sug-
gest a direct interaction between SRSF1 and PFI, which
may be involved in the pathological process of PF.

SPRINGER NATURE

of the alveoli as by H&E and Masson staining; Immunohistochemistry
analysis showed decreased protein expression of Collagen I and o-
SMA in BLM-treated TG-PFI mice compared BLM-treated WT mice;
bar = 50 um. F The degree of interstitial lung fibrosis were determined
by using a predetermined numerical scale of 0-8, based on the Ash-
croft scoring method. G Quantitative examination of hydroxyproline
levels in lung tissue. *P <0.05; **P <0.01. WT wild-type, TG-PFI
transgenic mice of PFI, BLM bleomycin, Micro-CT micro-computed
tomography.

Overexpression of SRSF1 induces fibrogenesis in
MRC-5 cells by promoting EDA+Fn1 formation

We then constructed an adenovirus containing a SRSF1
overexpression plasmid (Adv-SRSF1) to further clarify the
role of SRSF1 in the process of lung fibrosis (Fig. 5A). We
found that overexpression of SRSF1 increased the mRNA
expression of collagen lal, collagen 3al, Fnl, CTGF, and
ACTA?2 in human lung fibroblasts MRC-5 cells (Fig. 5B).
Meanwhile, forced expression of SRSF1 promoted the
expression of Fnl, Collagen I, and a-SMA at the protein
level in the same cells (Fig. 5C). Immunofluorescence
showed that enhanced expression of SRSF1 could induce
the expression of a-SMA and accelerate the differentiation
of fibroblasts into myofibroblasts (Fig. 5D). Moreover, an
EdU cell proliferation assay found that SRSF1 could sig-
nificantly promote the proliferation of MRC-5 cells
(Fig. 5E). At the same time, as shown in Fig. 5F, over-
expression of SRSF1 could significantly promote cell
migration and wound healing.

Next, we used the bioinformatics website MiasDB
(http://47.88.84.236/Miasdb/search.php), an alternative
splicing-related molecular interaction database [26], to
predict the downstream targets of SRSF1. The results
showed that SRSF1 could regulate the alternative splicing
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of the fibrosis-related gene Fnl. We then measured the
expression of the EDA alternative exon: qRT-PCR and
agarose gel electrophoresis showed that overexpression of
SRSF1 increased the mRNA level and percent spliced in
(PSI) of EDA + Fnl, an isoform of Fnl that has more
effective pro-fibrotic effects [27, 28] (Fig. 5G, H). These
data show that SRSF1 promotes fibrogenesis and over-
activation of MRC-5 cells by altering Fnl splicing.

Silencing SRSF1 alleviates fibrogenesis by
downregulating the EDA-+Fn1 isoform

To further explore the effects of SRSF1 knockdown on
fibrogenesis, we constructed three small interference RNAs

pracln E e

o
WT TG-PFI WT TG-PFI
Salin o]

assay. H Western blot showed increased expression of SRSF1 in
MLFs transfected with SSi-PFI. T Overexpression of IncRNA PFI
abrogated the upregulation of SRSF1 protein expression induced by
TGF-p1 in MLFs. J Western blots indicated reduced SRSF1 expres-
sion in the lungs of TG-PFI mice exposed to BLM compared with WT
mice. *P <0.05; **P <0.01. ChIRP-MS chromatin isolation by RNA
purification-mass spectrometry, KEGG Kyoto Encyclopedia of Genes
and Genomes, GO Gene Ontology, MLFs mouse lung fibroblasts.

(siRNAs) against SRSF1 to silence its expression in MRC-5
cells. gRT-PCR results showed that all these three siRNAs
could inhibit the expression of SRSF1 in MRC-5 cells
(Fig. 6A). We then applied siRNA-2 and siRNA-3 to examine
the role of SRSF1, and qRT-PCR results showed that silen-
cing of SRSF1 inhibited TGF-pl-induced up-regulation of
collagen lal, collagen 3al, Fnl, CTGF, and ACTA2 in
MRC-5 cells (Fig. 6B). At the same time, the results from
Western blots showed that SRSF1 inhibition alleviated TGF-
B1-driven expression of Fnl, Collagen I, and a-SMA at the
protein level in the same cells (Fig. 6C). In addition, we found
that silencing SRSF1 could reduce the expression of a-SMA
and inhibit the differentiation of fibroblasts into myofibro-
blasts driven by TGF-p1 (Fig. 6D). Moreover, an EdU cell

SPRINGER NATURE
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Fig. 5 Overexpression of SRSF1 induces fibrogenesis in MRC-5
cells by promoting EDA+Fnl formation. A qRT-PCR analysis of
relative expression of SRSF1 in MRC-5 cells treated with Adv-SRSFI.
B gRT-PCR assay showed significantly increased mRNA expression
of collagen lal, collagen 3al, Fnl, CTGF, and ACTA2 in Adv-
SRSF1-treated MRC-5 cells. C Western blots demonstrated a drama-
tically increased synthesis of fibrosis-related proteins after treated of
Adv-SRSF1 in MRC-5 cells. D Fibroblast-myofibroblast transition
was promoted in MRC-5 cells treated with Adv-SRSF1, as assessed by
immunofluorescence; bar =20um; n =25 independent experiments.
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E EdU (bar =50 um) and F wound healing assays (bar =200 pm)
demonstrated that the forced expression of SRSF1 by Adv-SRSF1
accelerated the proliferation and migration of MRC-5 cells. G qRT-
PCR analysis showed markedly upregulated synthesis of the EDA +
Fnl mRNA after treated of Adv-SRSFI1 in MRC-5 cells. H The per-
cent spliced in (PSI) of EDA + Fnl was significantly increased in
SRSF1-overexpressing MRC-5 cells, as demonstrated by agarose gel
electrophoresis. *P <0.05; **P<0.01. Adv-SRSF1 SRSF1 over-
expression adenovirus.
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Fig. 6 Silencing SRSF1 attenuates fibrogenesis by downregulating
the EDA + Fnl isoform. A qRT-PCR showed the silencing efficacy
of siRNAs against SRSF1. B qRT-PCR analysis of the relative
expression of fibrosis-related genes in TGF-B1-induced MRC-5 cells
transfected with si-SRSF1 or si-NC. C Western blots demonstrated
that SRSF1 knockdown by siRNA abated TGF-pl-induced up-
regulation of fibrosis-associated proteins. D Immunofluorescence
suggested that silencing SRSF1 impeded the fibroblast-myofibroblast
transition in TGF-B1-treated MRC-5 cells; bar =20 pm; n =6 inde-
pendent experiments. E EdU (bar =50 pum) and F wound healing
(bar = 200 um) assays indicated that SRSF1 knockdown inhibited the
proliferation and migration of MRC-5 cells. G qRT-PCR analysis of
the relative expression of EDA + Fnl in si-SRSF1-transfected MRC-5
cells induced by TGF-p1. H Agarose gel electrophoresis showed a
significantly decreased PSI of EDA + Fnl in TGF-f1-treated MRC-5
cells after transfection with si-SRSF1. *P<0.05; **P<0.01. PSI
percent spliced in.

proliferation assay showed that SRSF1 knockdown could
markedly inhibit the proliferation of MRC-5 cells (Fig. 6E).
At the same time, as shown in Fig. 6F, inhibition of SRSF1
could significantly attenuate TGF-p1-induced cell migration
and slow down wound healing. Furthermore, the results of
gRT-PCR and agarose gel electrophoresis showed that the
silencing of SRSF1 reduced the expression of the EDA + Fnl
isoform (Fig. 6G, H).

Anti-fibrotic effects of IncRNA PFl in MRC-5 cells:
potential application of PFI

We then transfected PFI into MRC-5 cells to examine
whether PFI plays a anti-fibrotic effect in human lung
fibroblasts. As shown in Fig. 7A, we found that over-
expression of PFI alleviated TGF-B1-induced up-regulation
of fibrosis-related genes, including collagen lal, collagen
3al, Fnl, CTGF, and ACTAZ2. Consistent with these results,
Western blot assays showed that PFI overexpression sig-
nificantly inhibited the increase of Fnl, Collagen I, and
a-SMA associated to the fibrogenesis of MRC-5 cells driven
by TGF-p1 (Fig. 7B). We also found that forced expression
of PFI also ablated the up-regulation of SRSF1 in TGF-f1-
treated MRC-5 cells, consistent with the results obtained in
MLFs (Fig. 7B). Furthermore, an immunofluorescence assay
showed that overexpression of PFI could significantly
reduce the expression of a-SMA induced by TGF-$1, and
blunted the differentiation of fibroblasts into myofibroblasts,
as well as the expression of SRSF1 in the nucleus (Fig. 7C).
Moreover, an EdU proliferation assay found that over-
expression of PFI could significantly inhibit the proliferation
of MRC-5 cells induced by TGF-p1 (Fig. 7D). At the same
time, as shown in Fig. 7E, enhanced expression of PFI
significantly attenuated cell migration and ablated wound
healing. More importantly, we also found that forced
expression of PFI markedly inhibited the formation of the
EDA + Fn1 isoform and reduced its relative contribution to
the expression of Fnl (Fig. 7F, G). These results showed that
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PFI exerts its anti-fibrotic effect through regulating SRSF1
to alter Fnl splicing also in human lung fibroblasts, indi-
cating its potential application in lung fibrosis.

LncRNA PFI reverses established lung fibrosis in a
BLM model through regulation of SRSF1

In order to further clarify the therapeutic effect of PFI
in vivo and whether such effect is mediated by SRSFI,
adenovirus-associated viruses 5 (AAV-5) containing PFI or
an SRSF1 overexpression plasmid were established and
designated as AAVS5-PFI and AAV5-SRSFI, respectively.
AAVS5-PFI was intratracheally injected with or without
AAVS5-SRSF1 five days before administration of BLM, and
the mice were euthanized after 3 weeks (Fig. 8A-C). qRT-
PCR results showed that forced expression of IncRNA PFI
had no effect on fibrosis-associated proteins in untreated
mice (Fig. 8D). However, overexpression of PFI sig-
nificantly alleviated the up-regulation of collagen lal,
collagen 3al, Fnl, and ACTA2 in BLM-treated mice,
whereas enhanced expression of SRSF1 abolished the
beneficial action of PFI (Fig. 8D). Moreover, Western blots
showed that overexpression of PFI restored the BLM-
induced upregulation of fibrosis-related proteins Fnl, Col-
lagen I, and a-SMA, and also inhibited the expression of
SRSF1 in BLM-treated mice. These regulatory changes
were abated by the addition of AAV5-SRSF1 (Fig. 8E). As
shown in Fig. 8F, the alveolar septum was destroyed and
broadened, and this was accompanied by infiltration of
inflammatory cells in the lungs of BLM-treated mice. In
agreement with these results, enhanced expression of
IncRNA PFI mitigated ECM deposition, collagen forma-
tion, and myofibroblast activation in BLM-treated mice, an
inhibition which was effectively restored by the addition of
the AAV5-SRSF1 (Fig. 8F, G). The data from hydro-
xyproline content assay showed that forced expression of
PFI alleviated the BLM-induced hydroxyproline content in
mice, whereas enhanced expression of SRSF1 abolished the
beneficial action of PFI (Fig. 8H). These data show that
forced expression of PFI reverses the BLM-induced lung
fibrosis in mice through the regulation of SRSF1.

Discussion

In the present study, we characterized the anti-fibrotic effect of
IncRNA PFI and the underlying mechanism in both BLM-
induced mouse lung fibrosis and TGF-p1-driven fibrogenesis in
human lung fibroblasts. We found that silencing PFI promoted,
whereas overexpression of PFI alleviated, lung fibrosis in vitro
and in vivo through binding to and regulating the expression
and activity of SRSF1, and thereby inhibiting fibroblast over-
activation, reducing excessive ECM deposition, and attenuating
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Fig. 7 Enhanced expression of PFI inhibits TGF-p1-induced
fibrogenesis in MRC-5 cells. A gRT-PCR analysis demonstrating
the relative expression of collagen lal, collagen 3al, Fnl, CTGF, and
ACTA2 in TGF-p1-induced MRC-5 cells transfected with or without
IncRNA PFI. B Western blots suggested that the forced expression of
IncRNA PFI abrogated the upregulation of fibrotic proteins in MRC-5
cells induced by TGF-fl. C Immunofluorescence indicated that
overexpression of IncRNA PFI inhibited the fibroblast-myofibroblast
transition in TGF-fl-treated MRC-5 cells; bar=20um; n=38

the fibroblast-myofibroblast transition. Furthermore, we found
that overexpression of SRSF1 resulted in lung fibroblasts
activation by promoting the formation of the EDA +
Fnl splicing isoform (Fig. 8I). In contrast, SRSF1 knockdown
inhibited fibrogenesis in MRC-5 cells. Moreover, enhanced
expression of SRSF1 abrogated the anti-fibrotic action of PFI
in BLM-treated mice. More importantly, this study showed that
forced expression of PFI alleviated TGF-f1-induced fibrogen-
esis in MRC-5 cells. These results suggest that PFI replacement
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independent experiments. D EdU (bar = 50 um) and E wound healing
(bar =200 um) assays showed that the transfection with IncRNA PFI
blocked the proliferation and migration of MRC-5 cells in the presence
of TGF-p1. F The relative expression of EDA + Fnl was dramatically
reduced in IncRNA PFI-overexpressing MRC-5 cells as determined by
qRT-PCR. G Agarose gel electrophoresis suggested significantly
decreased PSI of EDA + Fnl in TGF-p1-treated MRC-5 cells after
transfected with IncRNA PFI. *P<0.05; **P<0.01. PSI percent
spliced in.

or targeting of SRSF1 might be considered promising strategies
for the treatment of lung fibrosis.

More and more studies, including ours, have demon-
strated that IncRNAs participate in the process of lung
fibrosis. In previous studies, we found that both PFAL and
PRFL promote the occurrence and development of fibrosis
through the mechanism of ceRNA. Among them, IncRNA
PFAL participates in regulating the expression level of
downstream effector molecule CTGF and then affects the

SPRINGER NATURE
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Fig. 8 SRSF1 is necessary for the anti-fibrotic effects of IncRNA
PFI in a bleomycin model. A Schematic diagram of the experimental
design. Mice were intratracheally injected with AAV5-PFI and AAVS5-
SRSF1 five days ahead of bleomycin (BLM) treatment. Lungs were
harvested after 3 weeks. B, C qRT-PCR analysis of the relative
expression of IncRNA PFI and SRSF1 after the injection of AAVS5-PFI
and AAVS5-SRSF1. D qRT-PCR analysis of the relative expression of
collagen lal, collagen 3al, Fnl, and ACTA?2 in the lungs of BLM-
treated mice injected with AAVS5-PFI, AAV5-SRSFI, or both. E Wes-
tern blots indicated that IncRNA PFI inhibited the upregulation of
fibrosis-related protein expression induced by BLM. F H&E and Masson
staining showed that the overexpression of IncRNA PFI reduced
inflammatory infiltrates and abrogated excessive ECM deposition in
BLM-treated mice lungs. Immunohistochemistry analysis suggested

process of PF through competitive binding with miR-18a
[29], in addition, IncRNA PFRL can promote fibrogenesis
and mouse lung fibrosis through targeted intervention of
miR-26a/p-Smad3 loop [30]. These results have contributed
to the clarification of the mechanism of competing endo-
genous RNAs (ceRNAs). In this study, we found that PFI
may play an important role in the pathogenesis of lung
fibrosis by binding the SRSFI1 protein, providing further
insight in the role of IncRNAs in the PF regulatory network.

Although many studies have confirmed the role of
IncRNAs in organ fibrosis, including lung fibrosis, the
application of their results is often limited due to the low
homology and conservation of IncRNAs. Recently, Translate
Bio (formerly RaNA Therapeutics) and OPKO Health used
diverse methods to selectively up-regulate individual genes
by blocking their regulatory IncRNAs with oligonucleotide-
based drugs [31, 32]. Advances in the understanding of the
mechanism of action of IncRNAs will contribute to the
development of IncRNA-targeted treatments. A promising
area of research is the targeting of several IncRNAs
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reduced synthesis of Collagen I and a-SMA in the lungs injected with
IncRNA PFI, which was abrogated by overexpression of SRSF1; bar =
50 um; n =4 mice. G Morphological changes in lungs were quantified
by the Ashcroft score. H Hydroxyproline content of lung tissues in
different groups. I Proposed model for the mechanism by which IncRNA
PFI binds to SRSFI to inhibit its function on alternative splicing. The
biosynthesis of EDA + Fnl is limited, which maintains the quiescent
state of fibroblasts. After stimuli, the decreased expression of PFI results
in activation of SRSF1 which leads to abundant expression of EDA +
Fnl, thus promoting the proliferation of lung fibroblasts and their tran-
sition to myofibroblasts, along with the excessive deposition of ECM
ultimately causing pulmonary fibrosis. *P < 0.05; **P <0.01. AAVS5-PFI
(AAVS5-SRSF1) adenovirus-associated viruses 5 containing PFI (SRSF1)
overexpression plasmid.

simultaneously. Multimers and multi-targeting oligonucleo-
tides could be designed to increase the in vivo efficacy
against single or multiple IncRNA targets [33]. In this study,
we screened the differentially expressed IncRNAs in fibrosis
in order to find those that could interfere with its progression.
Among these, importantly, PFI not only plays an anti-fibrotic
effect in mice, but also reduces fibrogenesis in human lung
fibroblasts. Therefore, it holds tremendous potential to be
used in human lung fibrosis. Our results provide a theoretical
basis for the development of IncRNA-targeting drugs and,
more generally, of therapeutic methods based on the target-
ing of non-coding RNAs in PF.

The mechanism and action of IncRNAs depends on their
cellular localization. Through FISH assays, PFI is found in
both the cytoplasm and the nucleus of MLFs. We system-
atically assessed the interactome map of PFI through a
ChIRP-MS high-throughput identification technique. GO
and KEGG analysis of the results suggest that PFI is closely
related to the alternative splicing of RNA, its interacting
proteins mainly including the HNRNP, SR, and RBM
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protein families, and others. Among these, we focused on
the splicing factor SRSF1, which showed high binding
coefficient among the binding proteins, and further verified
the binding of PFI to the SRSF1 protein by RNA pull-down.
More importantly, we found that SRSF1 was necessary for
and mediated the anti-fibrotic effects of PFI in lung fibrosis.

SRSF1 was originally discovered as a splicing factor. An
increasing number of studies have shown that SRSF1 is up-
regulated in many tumors, such as breast tumors, lung
tumors, colon tumors, kidney tumors, and acute lympho-
blastic leukemia [34]. In view of the fact that SRSF1 reg-
ulates the alternative splicing of oncogenes and tumor
suppressor genes, and participates in the occurrence and
development of tumors, it might be a possible tool for tumor
diagnosis, and a potential therapeutic target in a broad
variety of tumors. However, the function of SRSFI1 in
fibrosis is not clear yet. Previous work has shown that
SRSF1, as an oncogene, promotes tumor progression by
promoting gene splicing alterations [35, 36]. Besides, it has
been reported that SRSF1 increases proliferation and delays
apoptosis of breast epithelial cells and promotes cell trans-
formation [37]. In the current study, we found for the first
time that SRSF1 plays a vital role in promoting the fibro-
genesis of lung fibroblasts during PF. Cramer et al. reported
that SRSF1 and 9G8 stimulate EDA + Fn1 alternative spli-
cing in vivo [38]. High expression of SRSF1 in the endo-
metrium also promotes EDA + Fnl expression, and plays a
central role not only in tumor cells, but also in the sur-
rounding stroma [39]. However, EDA 4 Fnl is less
expressed in normal tissues and has a more substantial effect
on promoting cell cycle, ECM deposition, and cell differ-
entiation than Fnl. We found that SRSF1 promotes the
production of the EDA + Fnl isoform in PF, thus promoting
cell proliferation, differentiation, and collagen deposition.
Our study revealed, for the first time, the role of SRSF1 in
PF, suggesting more generally that splicing factors may play
a crucial role not only in tumors but also in fibrotic diseases.

However, the current study has certain limitations. We
did not identify the specific fragments of PFI that bind
SRSF1, limiting our in-depth exploration of the relationship
between PFI and SRSF1. In addition, the BLM-induced
mouse model of lung fibrosis we used does not directly
reflect human diseases resulting in fibrogenesis in the lung,
so that further studies will be needed to see whether PFI can
be therapeutically targeted in humans.

Taken together, the results of present work demonstrated
that IncRNA PFI participates in the regulation of lung
fibrosis by inhibiting the EDA + Fnl splicing isoform
production through binding to and inhibiting the expression
and activity of SRSF1. Therefore it is possible to conjecture
that induced expression of PFI may provide a novel
approach for the prevention and treatment of PF.

Materials and methods
Mouse model of pulmonary fibrosis

Male C57BL/6 mice were raised under controlled tem-
perature (25 °C) and humidity conditions (45% RH), with
a 12-h light/dark cycle. Mice aged 6-8 weeks with an
average body weight of 20-22 g were anesthetized by
intraperitoneal injection of Avertin (250 mg/kg), and the
mice were intratracheally injected with BLM (3 mg/kg) or
saline. PF model formed 21 days later, and all mice were
euthanized. Lung tissues were collected and immediately
frozen in liquid nitrogen or fixed with 4% paraformalde-
hyde for further study. Animals were randomly assigned
for each experimental group. Assessors were un-blinded
to group allocation. The sample sizes is 23 for each
condition. No statistical methods were used to pre-
determine sample sizes.

PFI transgenic (TG-PFI) mice

Systemic overexpressed transgenic mice with PFI were
constructed by Cyagen Biosciences Inc. (Guangzhou,
China). PFI gene was injected into 0.5-day-old FVB/N
fertilized eggs by microinjection, and then the fertilized
eggs were implanted into the oviducts of female mice to
develop into transgenic animals carrying exogenous PFL
The young mice were identified by PCR.

Cell culture and treatment

The human lung fibroblasts (MRC-5) was placed in MEM
medium containing 10% fetal bovine serum (FBS), con-
taining Gluta-max dipeptide 1 ml, non-essential amino
acid (NEAA) 1 ml, sodium pyruvate solution 1 ml, 100 U/
ml penicillin Gray 100 U/ml streptomycin, cultured in a
5% CO, incubator at 37 °C. MRC-5 authentication was
confirmed by short tandem repeat (STR) profiling and free
from mycoplasma contamination. Primary lung fibroblasts
were isolated and cultured from the lungs of 3-day-old
KM mice. Under aseptic condition, the lung lobe was
placed in a Petri dish containing DMEM, blood vessels
and other tissues were cut and chopped, and digested by
0.5 mg/ml trypsin. The cells were precipitated by cen-
trifugation and cultured in complete medium (90%
DMEM medium + 10% FBS). After 6 h, the non-adherent
cells were removed by differential speed. TGF-p1 (Sigma-
Aldrich, USA) was used at a final concentration of 10 ng/
ml. The cells were cultured in the medium containing
TGF-B1 for 24h before being collected for further
analysis.
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Histological and immunohistochemical staining

The fresh lung tissue was fixed with 4% paraformaldehyde for
1 day, transferred to different concentrations of ethanol,
dehydrated and embedded in paraffin, and the sections were
stained with H&E and Masson. The tissue sections were
incubated in citrate buffer (pH = 6.0) for 5 min for antigen
repair, pretreated at room temperature at 3% H,0O, for 15 min,
and then washed with PBS. Then the goat serum was incu-
bated for 20 min. Incubate an anti-moisture box at 4°C
overnight. The second antibody (horseradish peroxidase-
conjugated anti-rabbit IgG)), was incubated the next day and
stained with diaminobenzidine (DAB). The Ashcroft score
was used to analyze the degree of PF by evaluating the images
from five random fields of H&E staining for each mouse.

Immunofluorescence staining

The cultured MRC-5 cells or primary mice lung fibroblasts
were placed and cultured in a six-well plate, and the treatment
was given when the cell density reached 30%. Cells were
washed with PBS for three times and fixed in 500 ul 4% par-
aformaldehyde, 37 °C, 15 min. Then incubated at room tem-
perature for 1 h with 500 pl penetrating solution (1 ml PBS +
4 ul Triton+0.01 g BSA); blocked for 1 h with 1 ml 50% goat
serum (goat serum: PBS = 1:1); Primary antibody a-SMA
(ab7817, Abcam, 1:200; and SRSF1 (12929-2-AP, Proteintech,
1:50) incubations were performed overnight at 4 °C and incu-
bation with secondary antibody for 1h; The nucleus were
stained with DAPI for 5Smin at room temperature. The cells
were observed under fluorescence microscope.

Real-time quantitative PCR (qRT-PCR)

The total RNA of tissue or cell samples was extracted by
TRIzol reagent. The concentration and purity of the
extracted RNA were determined by NanoDrop 8000
(Thermo, USA) and reverse transcribed to cDNA. All
cDNA samples were prepared into 20 ul reaction system.
Reaction conditions: 95 °C, 5 min; 95 °C, 10s; 55°C, 155s;
72°C, 20s. The data were analyzed by 2 *ACT method.
The Fnl PCR products were analyzed by agarose gel
electrophoresis, and the PCR products were verified to be in
line with the predicted size.

Western blot

The total protein was extracted from the tissue or cells with
RIPA lysis buffer. The quality standardized sample was mixed
with 6x buffer and heated to 100°C for 7min. 10%
SDS—polyacrylamide gel was configured. After electrophoresis,
the proteins were transferred to a nitrocellulose membrane.
The antibody against Fnl (15613-1-AP, Proteintech, 1:500),
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Collagen I (WL0088, Wanleibio, 1:500), SRSF1 (12929-2-AP,
Proteintech, 1:300), a-SMA (AF1032, Affinity, 1:1000), and p-
actin (20536-1-AP, Proteintech, 1:1000) was incubated at 4 °C
overnight. The protein bands were developed and analyzed by
Odyssey infrared imaging system.

ChIRP-MS

The interaction complexes of intracellular RNA with pro-
tein and nucleic acid were immobilized by formaldehyde
cross-linking, and then the protein and nucleic acid com-
plexes binding to RNA were purified by biotin-labeled
probe and streptavidin magnetic beads. The proteins in the
separated products were identified by mass spectrometry,
and the proteins that bind to the target RNA can be
screened. For each specific IncRNA molecular sequence, a
specific antisense oligonucleotide sequence with a length of
20 bases was designed according to the step size of 100 nt,
and all sequences were numbered. The IncRNA ChIRP
probe of terminal modified Biotin-TEG group was synthe-
sized by odd number group and even number group.
LncRNA ChIRP probe was hybridized specifically with the
cross-linked IncRNA molecular complex, and the Biotin-
TEG chemical group was modified at the end, and the
chromatin complex bound to the target IncRNA was pur-
ified by using streptavidin-coupled magnetic beads. The
purified protein from the complex was digested into a
mixture of peptides by protease, and then analyzed by mass
spectrometer. The first and second mass spectrometric peak
maps were output for protein identification.

EdU cell proliferation assay

EdU cell proliferation kit (RiboBio, Guangzhou, China)
was used to detect cell proliferation by EAU (5-ethynyl-20-
deoxyuridine) assay. MLFs/MRC-5 cells (1 x 10°/well)
were inoculated into each well of 24-well plate. After
treatment, the cells were incubated at 37 °C and 5% CO, for
48 h, then 200 ul 50 uM EdU was added to the cells and
incubated for another 2 h. The cells were then fixed with 4%
paraformaldehyde and stained with Apollo Dye Solution to
proliferate cells. The nucleus was stained with DAPI. The
cell proliferation rate was calculated according to the
manufacturer’s instructions. Fluorescence microscope was
used to take images.

Wound healing assay

To test the cell migration ability of MLFs/MRC-5, the
in vitro wound healing assay was performed. Cells were
seeded in six-well plates until the cells formed a confluent
monolayer, then scratched using a 100 uL pipette tip.
The scratch wounds were captured using phase-contrast
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microscopy at 0, 24, 48 h. The relative wound size at each
time point was analyzed by Image J.

Fluorescence in situ hybridization (FISH)

In order to identify the expression location of PFI, IncRNA
was labeled with probe. The slide was fixed in the newly
prepared 4% paraformaldehyde aqueous solution for 10 min
and washed for three times in 1x PBS for 5min. After
penetrating with 0.4% Triton-X100 for 10 min and blocking
with 1% BSA, the cells were hybridized in 200 ul pre-
hybridization buffer (1% blocking solution, 99% pre-
hybridization) at 37 °C for 30 min. The 2.5 pl 20 pM IncRNA
FISH probe mixture or internal control FISH probe mixture
was then added to each well (1% closed solution, 99% pre-
hybridization) overnight at 37 °C. The nucleus was restained
with DAPI. Fluorescence microscope was used to take images.

Micro-CT of mouse lung

On the 21st day after the establishment of BLM model, the
lung tissue density of mice was quantitatively measured by
CT, and the degree of PF in each group was evaluated. CT
plain scan was performed by the following methods: after
anesthesia, the mice were placed on the scanning bed and kept
in a supine position, then the chest of the mice was fixed with
tape, and the living lung tissue of the mice was scanned after
setting the scanning parameters. The scanning parameters
were as follows: 120kV, 100 mA, 0.5 mm slice was used, and
the distance between slices was 0.5 mm, to cover the whole
mouse chest (the total collection time was 0.5 s). The images
were automatically generated by the system workstation, and
then the images were post-processed by the relevant software
of the system. According to the obtained images, the structural
and morphological changes of lung tissue were observed to
evaluate the difference of the degree of PF in mice.

RNA-pull down

First, RNA was pretreated to form a secondary structure,
and then total cellular proteins were extracted. The total
protein was first preincubated with 60 pl streptavidin coated
with lytic solution, and the lipopolysaccharide column
(Streptavidin beads), was rotated slowly at room tempera-
ture for 1 h to eliminate the background of binding to beads
in the total protein. RNA was incubated with cell lysate for
1 h and then incubated with beads coated with streptavidin.
After washing the beads, add 1x protein sample buffer 30 ul
to the washed beads, mix them repeatedly, and heat them in
boiling water for 10 min. After the sample passed western
blot at 10% SDS-PAGE electrophoresis, the SRSF1 target
band was detected.

Hydroxyproline assay

Hydroxyproline concentrations in lung tissues were mea-
sured with a hydroxyproline assay kit (Cat No. A030-2-1,
Nanjing Jiancheng Bio Co., Nanjing, China). 40 mg wet
heavy lung tissue was accurately weighed, and then
experiment steps were performed following the kit
instructions. The absorbance of each sample was then
measured at 550 nm.

Statistical analysis

All the statistical tests were justified as appropriate. The
experimental data all conform to the normal distribution. No
estimate of variation has been performed within each group
of data prior to statistical analysis. Variance is similar
between comparison groups. Data were presented as the
mean + SEM of at least three independent experiments.
Significances were calculated using two-tailed #-test or one-
way analysis of variances (ANOVA) with post-test Bon-
ferroni-corrected #-test as post hoc test. P <0.05 was con-
sidered statistically significant difference. Statistical
analyses were carried out using GraphPad Prism 8.0.

Data availability

The ChIRP-MS data has been uploaded as Supplementary
Table 1. All data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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