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Abstract

MicroRNA 29b (miR-29b) replacement therapy is effective for suppressing fibrosis in a
mouse model. However, to develop clinical applications for miRNA mimics, the side effects
of nucleic acid drugs have to be addressed. In this study, we focused on miRNA mimics

in order to develop therapies for idiopathic pulmonary fibrosis. We developed a single-
stranded RNA, termed “miR-29b Psh-match,” that has a unique structure to avoid problems
associated with the therapeutic uses of mMiRNAs. A comparison of miR-29b Psh-match and
double-stranded one, termed “miR-29b mimic” indicated that the single-stranded form was
significantly effective towards fibrosis according to both in vivo and in vitro experiments.
This novel form of miR-29b may become the foundation for developing an effective thera-
peutic drug for pulmonary fibrosis.

Introduction

Idiopathic pulmonary fibrosis (IPF) is characterized as progressive fibrosis and alveolar com-
plex, and is known as an intractable disease due to its high lethality [1]. Pulmonary fibrosis is
characterized by the excessive deposition of collagen and other extracellular matrix proteins
within the lung interstitium, which is mediated by transforming growth factor beta 1 (TGF-
1) through its downstream signaling pathway [2]. In recent years, small molecule inhibitors
such as nintedanib and pirfenidone have been developed for clinical use [3, 4]; however, it is
difficult to cure severe IPF cases with these drugs.

In this study, we focused on miRNA replacement therapy in order to develop a novel class
of IPF therapeutic. MicroRNAs (miRNAs) are one class of non-coding RNA, and are key
biological regulators that control gene expression by suppressing translation of, and by desta-
bilizing, target mRNAs by RNA interference [5]. One miRNA can regulate multiple targeted
mRNAs, including mRNAs involved in the same biological pathways. Therefore, modulating a
miRNA, in principle, allows for an entire gene network to be influenced, and for complex
disease phenotypes to be modified [6]. Many studies have shown the therapeutic efficacy of
miRNA inhibitors and mimic miRNAs, efforts to restore or increase the function [7].

Nucleic acid drugs have not been employed yet in practical therapeutic applications due to
the activation of an innate immune response through Toll-like receptor 3 (TLR3) [8].
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Furthermore, double-stranded RNA is easily modified by enzymes such as RNase and lacks in
vivo stability.

It is necessary to develop a drug delivery system (DDS) because nucleic acid drugs are oth-
erwise unable to reach targeted organs or tissues efficiently due to their instability. Recently, to
overcome this limitation of nucleic acid drugs, we developed three different types of synthetic
single-stranded RNA, termed “nkRNA”, “PnkRNA”, and “PshRNA”. All three of these RNAs
have unique single-stranded RNA structures [9, 10]. The single-stranded structure imparts
greater in vivo stability to the RNAs and also makes it difficult for TLR3 to recognize them.
Hence, using such single-stranded RNAs makes it possible to avoid side effects due to the
immune response triggered by double-stranded RNAs [11].

Aberrant expression of miRNAs has been regarded as a common feature of fibrotic diseases.
The miR-29 family has been found to play an important role to maintain the extra cellular
matrix (EM) through the regulation of genes such as Collagen 1al (Collal) and Collagen 3al
(Col3al) [12, 13]. It was previously reported that miR-29 replacement inhibited tissue fibrosis
and exhibited therapeutic effects on the heart [13], kidney [14-16], liver [17-19], lung [12, 16],
and also on systemic sclerosis [20] in mouse models. In addition, recent studies have suggested
that miR-29b exerts therapeutic effects in a bleomycin-induced pulmonary fibrosis mouse
model [21].

We have developed novel types of miR-29b mimics that resemble “Pnk-RNA” and “Psh-
RNA”. This novel platform structure of RNA can be adapted not only to miR-29b but to all
miRNAs. We named this novel mimic RNA “miR-29b Psh-match”. Furthermore, we con-
firmed that the miR-29b Psh-match shows an enhanced therapeutic effect compared with tra-
ditional double-stranded miR-29b (miR-29b mimic) in bleomycin-induced pulmonary
fibrosis model mice. Therefore, our data indicated that administration by inhalation of the
miR-29b Psh-match may be useful for therapeutics treatment of pulmonary fibrosis.

Materials and methods
Ethics statement

Our experimental procedure was approved by the Animal Experimentation Ethics Committee
of Tokyo Medical University. The approval number is S-27027.

Single-stranded miR-29b

We developed the single-stranded miR-29b called miR-29b Psh-match (Fig 1). This RNA con-
tains no mismatch sequence. It is made of a ‘sense strand’ and an ‘antisense strand’ for the tar-
get gene sequence from the central portion in the alignment. This construct contains a cassette
region for bearing a loop structure. The cassette region has the nucleotide residue proline (P).

Animals

We used eight-week-old male C57BL/6] mice (Japan SLC, Hamamatsu, Japan) in our experi-
ments. The mice were housed in the animal facility of Tokyo Medical University. The mice
were subject to a constant 12 h light / 12 h dark cycle in a temperature- and humidity-con-
trolled room. Drinking water and food were made freely available. All animals were sacrificed
with an overdose of a combination anesthetic cocktail (0.3 mg/kg body weight of medetomi-
dine, 4 mg/kg body weight of midazolam, and 5 mg/kg body weight of butorphanol) by i.p.
and their lungs collected. The health status of all mice was monitored daily. Mice that showed
greater than 20% weight loss were closely monitored. If other humane endpoints became
worse, in addition to weight loss, they were immediately sacrificed. The other humane
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miR-29b mimic
G G U GU
CUG UUUCA AUGGUG ~"UUA sense
GAC AAAGU UACCAC —GAU antisense
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B

miR-29b Psh-match

5" -UAG CAC CAU UUG AAA UCA GUG UUCC-P-G GAA CACUGA UUU CAA AUGGUG CUA UU -3’
antisense cassette sense

UAG CACCAU UUG AAAUCAGUGUU CC ~ _ antisense
UU AUC GUG GUA AACUUU AGU CACAAG G~ sense

Fig 1. Construction of miR-29b Psh-match and miR-29b mimic. (A) miR-29b mimic. The double-stranded
miR-29b is made of both a ‘sense strand’ and an ‘antisense strand’, and contains a mismatch. (B) miR-29b
Psh-match. The single-stranded miR-29b contains no mismatches, and is made of both a ‘sense strand’ and
an ‘antisense strand’ derived from the target gene sequence in its central portion. It also contains a cassette
area that adopts a loop structure. The cassette area has the nucleotide residue proline (P).

doi:10.1371/journal.pone.0171957.9001

endpoint criteria were dyspnea, markedly reduced mobility, debilitating diarrhea, jaundice,
anemia, abnormal neurological signs, bleeding from any orifice, and self-induced trauma.

Inhalation study in mouse

Mice were administered with two doses of 20 ul of 1% (w/v) methylene blue in physical saline
through their noses while anesthetized with 40% isoflurane. The mice were sacrificed 120 min
after the treatment and their lungs resected under anesthesia in order to observe the existence
of the dye in the lungs.

Bleomycin-induced pulmonary fibrosis in a mouse model

Pulmonary fibrosis was induced in mice using bleomycin (Sigma-Aldrich). Following anesthe-
tization with 40% isoflurane, mice were subject to nasal injections of 0.01 U/body bleomycin
for 3 days. A control group of mice received similar injections of an identical volume of saline.
Mice were sacrificed on days 7, 14, 21, and 28 following bleomycin treatment, and their lungs
were collected for further experiments.

miR-29b administration to pulmonary fibrosis mouse model

Sixty micromoles of either miR-29b Psh-match-, mimic-, or scrambled-RNA was adminis-
tered intranasally to mice. We administered either miR-29b Psh-match, mimic-, or scramble-
RNA to mice on days 8, 9, and 10 after the initial bleomycin treatment, and sacrificed them on
day 15. We also administered either miR-29b Psh-match- or scramble-RNA on days 4, 8, and
15, after the initial bleomycin treatment before the mice were sacrificed on day 22. Lastly, we
administered either miR-29b Psh-match, mimic, or scramble-RNA on days 8, 9, and 10 follow-
ing initial bleomycin treatment, and sacrificed the mice on day 28 before collecting their lungs
to determine hydroxyproline content.
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In vitro experiments

NIH/3T3 cells were maintained in DMEM medium containing 10% bovine serum albumin,
100 U/ml penicillin, and 100 pg/ml streptomycin (Sigma). Cells were transfected with 100 nM
of either of two types of miR-29bs (Psh-match and mimic) or with scramble RNA using HiPer-
Fect transfection reagent (Qiagen). At the time of RNA transfection, 5 ng recombinant TGF-f
(Peprotech, NJ) was also added. Cells were harvested 24 hours after transfection for RNA
extraction.

TLR signaling activation assay

TLR signaling activation by miR-29b mimic and Psh-match was detected using an NF-«xB acti-
vation assay kit (Promega). Twenty-four hours after transfecting HKE293 cells with an IxB
reporter plasmid that drives overexpression of either TLR3 or TLR?7, these cells were trans-
fected a second time with 100 nM of either miR-29b mimic- or miR-29b Psh-match-RNA,
along with 10 pug/ml of either poly (I:C) (Novus Biological, CO) or Imiquimod (Novus Biologi-
cal). Cells were harvested 6 h after the miRNA transfection and assayed using the Promega kit
according to the manufacturer’s instructions.

Real-time PCR

Total RNA was extracted using the ISOGEN reagent (Nippon Gene, Tokyo). One hundred
nanograms of RNA from each sample was used to generate cDNA using a cDNA synthesis kit
(Transcriptor First Strand cDNA Synthesis Kit, Roche). Real-time PCR analysis for Collal
and Col3a1 mRNA was performed using the Roche LightCyclergaba 96 system. Primers for
real-time PCR were: Collal sense 5/ ~-CATGTTCAGCTTTGTGGACCT-3" and antisense 5’ -
GCAGCTGACTTCAGGGATGT-3', and Col3al sense 5’ ~-TCCCCTGGAATCTGTGAATC-3"
and antisense 5’ ~-TGAGTCGAATTGGGGAGAAT-3’.

Histology

Lung tissue specimens from mice were fixed in buffered formalin, embedded in paraftin, and
sectioned into 4 um-thick slices for staining with hematoxylin and eosin. Masson’s trichrome
staining and Sirius Red staining were also performed. The Ashcroft score was calculated as
previously described [22-24].

Hydroxyproline measurement

Hydroxyproline levels in mouse lungs were determined using a hydroxyproline colorimetric
assay kit (Biovision, CA). Data were calculated as hydroxyproline content per unit wet weight
of lung tissue.

Statistical analysis

Statistical analysis was performed using Student’s t-test and the Tukey-Kramer test. A p value
of <0.05 was considered statistically significant. Graphs show the mean value + standard error
of the mean (s.e.m.).
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Result

miR-29b Psh-match suppresses collagen expression in TGF-3-
stimulated fibroblasts without activating TLRs

To determine whether the unique structured form of miR-29b Psh-match is better able to sup-
press the expression of its target genes than the miR-29b mimic, we transfected these RNAs
into NIH/3T3 cells activated with recombinant TGF- (rTGF-B) and performed real-time
PCR to determine the expression of Collal mRNA 24 h after transfection. These data showed
that Collal mRNA levels in NIH/3T?3 cells activated by rTGF- were elevated compared to
untreated cells. In contrast, miR-29b Psh-match decreased Collal mRNA expression in TGF-
B-treated cells when compared with similarly treated cells transfected with either scrambled
control RNA or miR-29b mimic (Fig 2A). From these results, we concluded that miR-29b Psh-
match suppresses Collal mRNA expression to a greater extent than the miR-29b mimic.

The activation of TLR signaling leads to the activation of the NF-«B transcription factor. T
he activation of either TLR3 by a stimulus such as viral dsRNA, or TLR7 by a stimulus such as
ssRNA, leads to the elevated expression of inflammatory cytokines, a reaction mediated by the
transcription factor NF-kB. Therefore, to determine whether miR-29b Psh-match induced the
activation of TLRs signaling pathways, we performed an NF-kB activation assay using lucifer-
ase cDNA under the control of a kB response element. Our data indicates that miR-29b Psh-
match-RNA induced luciferase expression at a low level. Moreover, cells overexpressing either
TLR-7 or TLR-3 were compared with cells subjected to each TLR ligand treatment (Fig 2B).

Bleomycin-induced pulmonary fibrosis in mice

We went on to determine whether miR-29b Psh-match can suppress the expression of the
fibrosis-related gene Collal in pulmonary fibrosis model mice. In order to generate
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Fig 2. miR-29b protects fibrotic responses in NIH/3T3 cells induced with TGF-B without activating TLRs. (A) Co/7Ta’ mRNA
expression in NIH/3T3 cells was reduced after transfection with miR-29b Psh-match compared with cells treated only with TGF-B. The
degree of reduction in COL1A1 expression induced by miR-29b Psh-match transfection was greater than that induced by either miR-29b
scrambled control or miR-29b mimic (Fig 2A) (¥*P<0.05). (B) miR-29b Psh-match does not induce TLR signaling activity. TLR signaling
activity was measured using an NF-kB reporter in which luciferase cDNA was placed under the control of the kB response element. The
dsRNA and ssRNA induce the activation of NF-kB through TLR3 and TLR7, respectively.

doi:10.1371/journal.pone.0171957.g002
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Fig 3. Bleomycin-induced pulmonary fibrosis in mouse lungs. (A) Images of lungs from mice that were either subject to nasal
administration of methylene blue (right) or not (left). (B) Fold changes in Col1a1 mRNA showed a peak one week after bleomycin
administration. (¥*P<0.05) (C) Histological staining by HE and Masson’s trichrome showed pronounced diffuse fibrosis in the lungs three
weeks after bleomycin administration.

doi:10.1371/journal.pone.0171957.g003

pulmonary fibrosis in C57BL/6] mice, we administered bleomycin intranasally. To deter-
mine whether bleomycin can be introduced into the lungs by nasal administration. We
administered methylene blue intranasally. We observed blue-stained bronchial tubes and
areas peripheral to them 120 min after dye administration (Fig 3A). These results demon-
strated that nasal administration was successful for delivering reagents to the lungs. To
determine that when expressed at the peak of expression levels for the related genes by bleo-
mycin stimulation and occurred the most remarkable histological changes in their lung tis-
sues, we determined the expression of Collal mRNA in the lung of, and performed
Masson’s trichrome staining of lung tissue from, mice sacrificed on days 7, 14, 21, and 28
following bleomycin treatment. These results indicate that the fold change in Collal mRNA
peaked on day 7 following bleomycin treatment (Fig 3B). Our histological examination
using hematoxylin eosin staining (H&E) and Masson’s trichrome staining revealed pro-
nounced diffuse fibrosis and lymphocyte infiltration in the lungs of mice on day 21 follow-
ing bleomycin administration (Fig 3C). Based on these results, we concluded that Collal
mRNA expression in the lungs of bleomycin-induced model mice occurred on day 7, and
that morphological changes first appeared on day 21.
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Comparison of therapeutic effects of miR-29b Psh-match and miR-29b
mimic

We compared the therapeutic effects of miR-29b match type and mature type in bleomycin-
induced mice. To determine fibrosis suppression in lungs induced by miR-29b Psh-match and
miR-29b mimic, we administered either miR-29b or scramble RNA to bleomycin-induced
mice. We could not detect the administered miR-29b mimic and Psh-match in lungs and in
any organs by real-time qPCR. Because the results of our inhalation study using nasally admin-
istered dye indicated that we could detect the dye in bronchi (Fig 3A), we concluded that the
miR-29b mimic and Psh-match arrived at the lungs and that both miR-29bs had no effect on
the survival of bleomycin-treated mice. Our real-time qPCR data showed that Collal mRNA
expression in the lungs of miR-29b Psh-match-treated mice decreased relative to mice treated
with either PBS, scrambled control RNA, or miR-29b mimic (Fig 4A, P<0.05). Histological
analysis revealed that the lungs of mice that had been administered with mature type miR-29b
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Fig 4. miR-29b Psh-match suppresses pulmonary fibrosis in mice to a greater degree than miR-29b mimic. (A) In bleomycin-
induced pulmonary fibroblast model mice, quantitative real-time PCR data indicates an increase in Col1a’ mRNA expression.
Expression of Col1a1 decreased in the lungs of mice administered with miR-29b Psh-match relative to mice administered with either
PBS, miR-29b scrambled control, or miR-29b mimic (¥*P<0.05). (B) HE and Masson’s trichrome staining showed the pronounced diffuse
fibrosis on the lungs in the bleomycin-treated mice. Administration of miR-29b Psh-match suppressed pulmonary fibrosis in an
established mouse model of bleomycin-induced pulmonary fibrosis (*P<0.05). High magnification images of the lungs of mice
administered with either miR-29b mimic or Psh-match mice are shown in the frames. (C) Hydroxyproline content was measured as
micrograms of hydroxyproline per weight in grams of the left lung’s tissues in mice.

doi:10.1371/journal.pone.0171957.9004
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or match-one showed an improvement of fibrosis. Although alveolar thickening was observed
in the lungs of mice administered with miR-29b mimic, the lungs of mice administered with
miR-29b Psh-match showed the most improvement for the pulmonary fibrosis condition (Fig
4B). The infiltration of many lymphocytes was observed in the lungs of mice administered
with miR-29b mimic but not in mice administered with Psh-match (Fig 4B). According to our
data, we concluded that miR-29b Psh-match had no side effects compared with miR-29b
mimic.

We determined the amount of hydroxyproline in the lungs of the mice to measure matrix
collagen levels. At day 28, hydroxyproline was lowest in the lung of miR-29b Psh-match—
treated mice compared to mice treated with PBS, miR-29b scrambled control, or miR-29b
mimic (Fig 4C).

miR-29b Psh-match decreases collagen expression in bleomycin-
induced pulmonary fibrosis mice

The lungs of mice treated with bleomycin showed an increase in the expression of Collal and
Col3al mRNAs on day 21, as measured by real-time PCR. Neither PBS nor scrambled control
RNA reduced the extent of this increase in collagen expression. miR-29b Psh-match caused
the expression of Collal and Col3al mRNAs to decrease with the PBS control and scrambled
control RNA-treated mice (Fig 5A, P<0.05). The data from HE staining and Masson’s tri-
chrome staining showed apparently diffused fibrosis in the lungs of bleomycin-treated mice.
In contrast, lung tissues from miR-29b Psh-match—treated mice showed improvement for
fibrosis. The Ashcroft score showed a significant improvement for fibrosis in the lungs of mice
administered with miR-29b Psh-match (Fig 5B). Our results indicate that miR-29b Psh-match
decreased collagen expression and improved pulmonary fibrosis.

Discussion

It has been reported that dysregulation of miRNAs has been implicated in the development of
various human diseases [25, 26]. The miR-29 family, comprising miR-29a, 29b, and 29¢, is a
transcriptional target of TGF-p. Upregulating the expression of these three miRNAs induces
dysregulation of the immune response and promotes fibrosis [12, 13]. Although the underly-
ing molecular mechanism is still unclear, activation of the TGF-B/Smad signaling pathway
plays a crucial role in the development of idiopathic pulmonary fibrosis (IPF) [2, 27, 28].
Therefore, miR-29 replacement therapy represents a promising approach for IPF treatment. In
this study, we presented the development of miR-29b replacement therapy as a new treatment
method for pulmonary fibrosis by intranasal administration of the nucleic acid drug.
Concerning the synthetic RNA platform, we recently developed novel types of synthetic
RNA, named nkRNA and PnkRNA, that exhibit sequence-specific gene silencing through
RNAI without activating TLRs or RIG-I-like receptor (RLR) signaling [11]. This novel class of
synthetic RNAs shows an enhanced RNAi effect and greater in vivo stability compared with
classical siRNA [9]. These results indicate that nkRNA and PnkRNA are a suitable technology
platform for molecularly targeted therapy [9, 29]. We sought to develop a novel miRNA mimic
similar to nkRNA and PnkRNA, and in the process, generated miR-29b Psh-match, which has
a characteristic secondary structure. First, we found that miR-29b Psh-match showed signifi-
cant suppression of the expression of the target genes Collal and Col3al compared with the
miR-29b mimic (Fig 2). These data suggest that miR-29b Psh-match shows more effective
RNAI effect compared with the miR-29b mimic. We speculate that miR-29b Psh-match is bet-
ter able to attract and load the Argonaute protein complex compared with the miR-29b
mimic. Furthermore, in pulmonary fibrosis model mice that were administered with miR-29b
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Fig 5. (A) Suppression of the expression of miR-29b-targeted genes by miR-29b Psh-match and (B) histological detection of
fibrosis in mouse lungs. (A) Bleomycin treatment of mice increased Col1a1and Col1a3 mRNA expression in their lungs. Administration of
miR-29b Psh-match decreased Col1a1 and Col1a3 expression to a greater extent compared to mice treated with PBS or miR-29b-
scrambled control (P<0.05). The administration of miR-29b Psh-match to bleomycin-induced pulmonary fibrosis model mice decreased the
Ashcroft score (¥*P<0.05). (B) Histological staining using HE, Masson’s trichrome, and Sirius Red revealed pronounced diffuse fibrosis in the
lungs of bleomycin-treated mice. The administration of miR-29b match type appeared to suppress pulmonary fibrosis.

doi:10.1371/journal.pone.0171957.9005

Psh-match, the expression of fibrosis-related genes, the amounts of hydroxyproline in colla-
gen, and the Ashcroft scores were all markedly decreased (Fig 5). We hypothesize that the hair-
pin structure of miR-29b Psh-match imparts a higher biological stability in vivo and thus
makes it less likely to be degraded by the time it reaches the target cells. DDS is the most prob-
lematic issue facing the clinical use of nucleic acid drugs. We recently confirmed the therapeu-
tic effect of TGF-B siRNA using IPF mice models [9]. In that study, we administered naked
siRNA to mice by intratracheal instillation. In general, naked siRNA cannot be taken up by
normal cells because of the charge of the cell membrane. Even if siRNA is taken up by the tar-
get cells, the siRNA has to undergo endosomal escape [30] in order to exert any effect on target
gene expression. In the case of IPF, TGF-f secreted by alveolar macrophages plays a crucial
role in accelerating acute and chronic inflammation following development of fibrosis in the
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lung. Alveolar macrophages are active phagocytes and can therefore take up siRNA without
DDS. In considering the systemic delivery of nucleic acid therapies, there are many problems
to be overcome in order for clinical applications to succeed. However, when targeting alveolar
macrophages with nucleic acid drugs, DDS is not required. It is difficult to deliver either small
molecules or antibodies to alveolar macrophages by systemic administration. Therefore, for
topical drug administration of miRNAs and siRNAs to alveolar macrophages, administration
by inhalation is ideal.

Up to the present, some drugs have been developed for treating IPF that have been
approved for clinical use. Two new representative drugs are pirfenidone and nintedanib [31,
32]. Pirfenidone is an oral anti-fibrotic drug that exerts its anti-fibrotic effects by downregulat-
ing the TGF-P signaling pathway [33]. Based on Phase III trials, pirfenidone improves disease
progression, lung function, and progression-free survival in patients with IPF [4]. Nintedanib
is a small molecule tyrosine kinase inhibitor, targeting vascular endothelial growth factor
receptor, fibroblast growth factor receptor, and platelet derived growth factor receptor. In a
recent Phase III study, nintedanib reduced the decline in lung function in patients with IPF
[3]. However, nintedanib inhibits physiological remodeling and formation of blood vessels.
Therefore, it shows side effects that included gastrointestinal disturbance and impaired liver
function.

As for miR-29b, this miRNA is tightly regulated by many signaling molecules such as Myc
and HDAC. In cancerous tissue, miR-29 expression was mostly decreased, and it contributed
to the invasive and metastatic phenotype of cancer cells [34, 35]. In the environment of the
fibrotic lesion, decreased expression of the miR-29 family caused activation of the TGF-p sig-
naling pathway. Therefore, it is logical to supply the miR-29 family back to these cells to sup-
press TGF-B. Additionally, miR-29 is a natural product, so we anticipate fewer side effects
compared with pirfenidone and nintedanib.

Taken together, we conclude that the single-stranded miR-29b Psh-match exerts an
enhanced therapeutic effect compared with previous double-stranded ones. Hence, single-
stranded miR-29b Psh-match may be an effective therapeutic drug for pulmonary fibrosis.

Acknowledgments

We thank Akio Ishikawa for his technical assistance. This research was supported in part by
Grants-in-Aid for scientific research (B: 26296088) and (C: 16K09376) and a Grant-in-Aid for
Exploratory Research (15K15100) from Japan Society for the Promotion of Science (JSPS) and
supported in part by Strategic Research Foundation Grant-aided Project for Private Universi-
ties from the Ministry of Education, Culture, Sports, Science and Technology of Japan.

Author Contributions
Conceptualization: MK.

Data curation: YY MK.

Formal analysis: YY.

Funding acquisition: MK MT SU.
Investigation: YY MT KS SU.
Methodology: MK SO.

Project administration: MK.

Resources: MK.

PLOS ONE | DOI:10.1371/journal.pone.0171957 February 24, 2017 10/12



@° PLOS | ONE

Novel miRNA replacement therapy against IPF

Supervision: MK.

Validation: MT.

Visualization: YY.

Writing - original draft: YY MT MK.

Writing - review & editing: MK YY.

References

1.

10.

11.

12

13.

14.

15.

16.

Noble PW, Albera C, Bradford WZ, Costabel U, Glassberg MK, Kardatzke D, et al. Pirfenidone in
patients with idiopathic pulmonary fibrosis (CAPACITY): two randomised trials. Lancet (London,
England). 2011; 377(9779):1760-9. Epub 2011/05/17.

King TE Jr., Pardo A, Selman M. Idiopathic pulmonary fibrosis. Lancet (London, England). 2011; 378
(9807):1949-61. Epub 2011/07/02.

Richeldi L, du Bois RM, Raghu G, Azuma A, Brown KK, Costabel U, et al. Efficacy and safety of ninteda-
nib in idiopathic pulmonary fibrosis. The New England journal of medicine. 2014; 370(22):2071-82.
Epub 2014/05/20. doi: 10.1056/NEJMoa1402584 PMID: 24836310

King TE Jr., Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole |, Glassberg MK, et al. A phase 3
trial of pirfenidone in patients with idiopathic pulmonary fibrosis. The New England journal of medicine.
2014; 370(22):2083-92. Epub 2014/05/20. doi: 10.1056/NEJMoa1402582 PMID: 24836312

Inui M, Martello G, Piccolo S. MicroRNA control of signal transduction. Nature reviews Molecular cell
biology. 2010; 11(4):252—63. Epub 2010/03/11. doi: 10.1038/nrm2868 PMID: 20216554

van Rooij E, Olson EN. MicroRNA therapeutics for cardiovascular disease: opportunities and obstacles.
Nature reviews Drug discovery. 2012; 11(11):860—-72. Epub 2012/10/20. doi: 10.1038/nrd3864 PMID:
23080337

van Rooij E, Purcell AL, Levin AA. Developing microRNA therapeutics. Circulation research. 2012; 110
(3):496-507. Epub 2012/02/04. doi: 10.1161/CIRCRESAHA.111.247916 PMID: 22302756

Tatematsu M, Seya T, Matsumoto M. Beyond dsRNA: Toll-like receptor 3 signalling in RNA-induced
immune responses. The Biochemical journal. 2014; 458(2):195-201. Epub 2014/02/15. doi: 10.1042/
BJ20131492 PMID: 24524192

Hamasaki T, Suzuki H, Shirohzu H, Matsumoto T, D’Alessandro-Gabazza CN, Gil-Bernabe P, et al.
Efficacy of a novel class of RNA interference therapeutic agents. PLoS One. 2012; 7(8):e42655. Epub
2012/08/24. doi: 10.1371/journal.pone.0042655 PMID: 22916145

Taketani Y, Usui T, Toyono T, Shima N, Yokoo S, Kimakura M, et al. Topical Use of Angiopoietin-like
Protein 2 RNAi-loaded Lipid Nanoparticles Suppresses Corneal Neovascularization. Molecular therapy
Nucleic acids. 2016; 5:e292. Epub 2016/04/26. doi: 10.1038/mtna.2016.1 PMID: 27111418

Takanashi M, Sudo K, Ueda S, Ohno S, Yamada Y, Osakabe Y, et al. Novel Types of Small RNA
Exhibit Sequence- and Target-dependent Angiogenesis Suppression Without Activation of Toll-like
Receptor 3 in an Age-related Macular Degeneration (AMD) Mouse Model. Molecular therapy Nucleic
acids. 2015; 4:e258. Epub 2015/10/21.

Cushing L, Kuang PP, Qian J, Shao F, Wu J, Little F, et al. miR-29 is a major regulator of genes associ-
ated with pulmonary fibrosis. American journal of respiratory cell and molecular biology. 2011; 45
(2):287—-94. Epub 2010/10/26. doi: 10.1165/rcmb.2010-03230C PMID: 20971881

van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall WS, et al. Dysregulation of
microRNAs after myocardial infarction reveals a role of miR-29 in cardiac fibrosis. Proc Natl Acad Sci U
S A. 2008; 105(35):13027-32. Epub 2008/08/30. doi: 10.1073/pnas.0805038105 PMID: 18723672

Qin W, Chung AC, Huang XR, Meng XM, Hui DS, Yu CM, et al. TGF-beta/Smad3 signaling promotes
renal fibrosis by inhibiting miR-29. Journal of the American Society of Nephrology: JASN. 2011; 22
(8):1462—74. Epub 2011/07/26. doi: 10.1681/ASN.2010121308 PMID: 21784902

Wang B, Komers R, Carew R, Winbanks CE, Xu B, Herman-Edelstein M, et al. Suppression of micro-
RNA-29 expression by TGF-betal promotes collagen expression and renal fibrosis. Journal of the
American Society of Nephrology: JASN. 2012; 23(2):252—65. Epub 2011/11/19. doi: 10.1681/ASN.
2011010055 PMID: 22095944

Xiao J, Meng XM, Huang XR, Chung AC, Feng YL, Hui DS, et al. miR-29 inhibits bleomycin-induced
pulmonary fibrosis in mice. Molecular therapy: the journal of the American Society of Gene Therapy.
2012; 20(6):1251-60. Epub 2012/03/08.

PLOS ONE | DOI:10.1371/journal.pone.0171957 February 24, 2017 11/12


http://dx.doi.org/10.1056/NEJMoa1402584
http://www.ncbi.nlm.nih.gov/pubmed/24836310
http://dx.doi.org/10.1056/NEJMoa1402582
http://www.ncbi.nlm.nih.gov/pubmed/24836312
http://dx.doi.org/10.1038/nrm2868
http://www.ncbi.nlm.nih.gov/pubmed/20216554
http://dx.doi.org/10.1038/nrd3864
http://www.ncbi.nlm.nih.gov/pubmed/23080337
http://dx.doi.org/10.1161/CIRCRESAHA.111.247916
http://www.ncbi.nlm.nih.gov/pubmed/22302756
http://dx.doi.org/10.1042/BJ20131492
http://dx.doi.org/10.1042/BJ20131492
http://www.ncbi.nlm.nih.gov/pubmed/24524192
http://dx.doi.org/10.1371/journal.pone.0042655
http://www.ncbi.nlm.nih.gov/pubmed/22916145
http://dx.doi.org/10.1038/mtna.2016.1
http://www.ncbi.nlm.nih.gov/pubmed/27111418
http://dx.doi.org/10.1165/rcmb.2010-0323OC
http://www.ncbi.nlm.nih.gov/pubmed/20971881
http://dx.doi.org/10.1073/pnas.0805038105
http://www.ncbi.nlm.nih.gov/pubmed/18723672
http://dx.doi.org/10.1681/ASN.2010121308
http://www.ncbi.nlm.nih.gov/pubmed/21784902
http://dx.doi.org/10.1681/ASN.2011010055
http://dx.doi.org/10.1681/ASN.2011010055
http://www.ncbi.nlm.nih.gov/pubmed/22095944

@° PLOS | ONE

Novel miRNA replacement therapy against IPF

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Roderburg C, Urban GW, Bettermann K, Vucur M, Zimmermann H, Schmidt S, et al. Micro-RNA profil-
ing reveals a role for miR-29 in human and murine liver fibrosis. Hepatology (Baltimore, Md). 2011; 53
(1):209-18. Epub 2010/10/05.

Sekiya Y, Ogawa T, Yoshizato K, Ikeda K, Kawada N. Suppression of hepatic stellate cell activation by
microRNA-29b. Biochemical and biophysical research communications. 2011; 412(1):74-9. Epub
2011/07/30. doi: 10.1016/j.bbrc.2011.07.041 PMID: 21798245

Zhang Y, Wu L, Wang Y, Zhang M, Li L, Zhu D, et al. Protective role of estrogen-induced miRNA-29
expression in carbon tetrachloride-induced mouse liver injury. The Journal of biological chemistry.
2012; 287(18):14851-62. Epub 2012/03/07. doi: 10.1074/jbc.M111.314922 PMID: 22393047

Maurer B, Stanczyk J, Jungel A, Akhmetshina A, Trenkmann M, Brock M, et al. MicroRNA-29, a key
regulator of collagen expression in systemic sclerosis. Arthritis and rheumatism. 2010; 62(6):1733—43.
Epub 2010/03/05. doi: 10.1002/art.27443 PMID: 20201077

Montgomery RL, Yu G, Latimer PA, Stack C, Robinson K, Dalby CM, et al. MicroRNA mimicry blocks
pulmonary fibrosis. EMBO molecular medicine. 2014; 6(10):1347-56. Epub 2014/09/23. doi: 10.15252/
emmm.201303604 PMID: 25239947

D’Alessandro-Gabazza CN, Kobayashi T, Boveda-Ruiz D, Takagi T, Toda M, Gil-Bernabe P, et al.
Development and preclinical efficacy of novel transforming growth factor-beta1 short interfering RNAs
for pulmonary fibrosis. American journal of respiratory cell and molecular biology. 2012; 46(3):397—406.
Epub 2011/10/29. doi: 10.1165/rcmb.2011-01580C PMID: 22033267

Hubner RH, Gitter W, El Mokhtari NE, Mathiak M, Both M, Bolte H, et al. Standardized quantification of
pulmonary fibrosis in histological samples. BioTechniques. 2008; 44(4):507—-11, 14—7. Epub 2008/05/
15. doi: 10.2144/000112729 PMID: 18476815

Ashcroft T, Simpson JM, Timbrell V. Simple method of estimating severity of pulmonary fibrosis on a
numerical scale. Journal of clinical pathology. 1988; 41(4):467—70. Epub 1988/04/01. PMID: 3366935

Agostini M, Knight RA. miR-34: from bench to bedside. Oncotarget. 2014; 5(4):872-81. Epub 2014/03/
25. doi: 10.18632/oncotarget. 1825 PMID: 24657911

YuF, Yao H, Zhu P, Zhang X, Pan Q, Gong C, et al. let-7 regulates self renewal and tumorigenicity of
breast cancer cells. Cell. 2007; 131(6):1109—23. Epub 2007/12/18. doi: 10.1016/j.cell.2007.10.054
PMID: 18083101

du Bois RM. Strategies for treating idiopathic pulmonary fibrosis. Nature reviews Drug discovery. 2010;
9(2):129-40. Epub 2010/01/283. doi: 10.1038/nrd2958 PMID: 20094055

Roberts AB, Russo A, Felici A, Flanders KC. Smad3: a key player in pathogenetic mechanisms depen-
dent on TGF-beta. Annals of the New York Academy of Sciences. 2003; 995:1-10. Epub 2003/06/20.

Abe N, Abe H, Ito Y. Dumbbell-shaped nanocircular RNAs for RNA interference. Journal of the Ameri-
can Chemical Society. 2007; 129(49):15108-9. Epub 2007/11/16. doi: 10.1021/ja0754453 PMID:
18001025

Varkouhi AK, Scholte M, Storm G, Haisma HJ. Endosomal escape pathways for delivery of biologicals.
Journal of controlled release: official journal of the Controlled Release Society. 2011; 151(3):220-8.
Epub 2010/11/17.

Bando M. Pirfenidone: Clinical trials and clinical practice in patients with idiopathic pulmonary fibrosis.
Respiratory investigation. 2016; 54(5):298-304. Epub 2016/08/28. doi: 10.1016/j.resinv.2016.03.007
PMID: 27566376

Rogliani P, Calzetta L, Cavalli F, Matera MG, Cazzola M. Pirfenidone, nintedanib and N-acetylcysteine
for the treatment of idiopathic pulmonary fibrosis: A systematic review and meta-analysis. Pulmonary
pharmacology & therapeutics. 2016. Epub 2016/08/03.

Lin X, Yu M, Wu K, Yuan H, Zhong H. Effects of pirfenidone on proliferation, migration, and collagen
contraction of human Tenon’s fibroblasts in vitro. Investigative ophthalmology & visual science. 2009;
50(8):3763-70. Epub 2009/03/07.

Nishikawa R, Chiyomaru T, Enokida H, Inoguchi S, Ishihara T, Matsushita R, et al. Tumour-suppressive
microRNA-29s directly regulate LOXL2 expression and inhibit cancer cell migration and invasion in
renal cell carcinoma. FEBS letters. 2015; 589(16):2136—-45. Epub 2015/06/23. doi: 10.1016/j.febslet.
2015.06.005 PMID: 26096783

Zhang H, Bai M, Deng T, Liu R, Wang X, Qu Y, et al. Cell-derived microvesicles mediate the delivery of
miR-29a/c to suppress angiogenesis in gastric carcinoma. Cancer letters. 2016; 375(2):331-9. Epub
2016/03/24. doi: 10.1016/j.canlet.2016.03.026 PMID: 27000664

PLOS ONE | DOI:10.1371/journal.pone.0171957 February 24, 2017 12/12


http://dx.doi.org/10.1016/j.bbrc.2011.07.041
http://www.ncbi.nlm.nih.gov/pubmed/21798245
http://dx.doi.org/10.1074/jbc.M111.314922
http://www.ncbi.nlm.nih.gov/pubmed/22393047
http://dx.doi.org/10.1002/art.27443
http://www.ncbi.nlm.nih.gov/pubmed/20201077
http://dx.doi.org/10.15252/emmm.201303604
http://dx.doi.org/10.15252/emmm.201303604
http://www.ncbi.nlm.nih.gov/pubmed/25239947
http://dx.doi.org/10.1165/rcmb.2011-0158OC
http://www.ncbi.nlm.nih.gov/pubmed/22033267
http://dx.doi.org/10.2144/000112729
http://www.ncbi.nlm.nih.gov/pubmed/18476815
http://www.ncbi.nlm.nih.gov/pubmed/3366935
http://dx.doi.org/10.18632/oncotarget.1825
http://www.ncbi.nlm.nih.gov/pubmed/24657911
http://dx.doi.org/10.1016/j.cell.2007.10.054
http://www.ncbi.nlm.nih.gov/pubmed/18083101
http://dx.doi.org/10.1038/nrd2958
http://www.ncbi.nlm.nih.gov/pubmed/20094055
http://dx.doi.org/10.1021/ja0754453
http://www.ncbi.nlm.nih.gov/pubmed/18001025
http://dx.doi.org/10.1016/j.resinv.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/27566376
http://dx.doi.org/10.1016/j.febslet.2015.06.005
http://dx.doi.org/10.1016/j.febslet.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/26096783
http://dx.doi.org/10.1016/j.canlet.2016.03.026
http://www.ncbi.nlm.nih.gov/pubmed/27000664

