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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, fibrotic parenchymal lung disease of unknown etiology and
lack effective interventions. Using a combination of in vitro and in vivo studies, we found that overexpression of YAP1, a
key effector in the Hippo pathway, promoted cell proliferation, migration, and collagen production in lung fibroblasts.
Furthermore, the pro-fibrotic action of YAP1 was mediated by transcriptional activation of Twistl through interacting with
its partner TEAD. In contrast, knockdown of YAPI1 inhibited extracellular matrix (ECM) deposition, which ultimately
ameliorated lung fibrosis in vitro and in vivo. Additionally, we constructed a dysregulated miRNA regulatory network that
affects the expression of the Hippo pathway effectors in IPF and identified miR-15a, which is significantly down-regulated in
IPF patients, as one of the most essential miRNAs regulating this pathway. Moreover, knockdown of miR-15a resulted in
fibroblast activation and lung fibrosis through promoting Twist expression by targeting inhibition of YAPI. In contrast,
therapeutic restoration of miR-15a inhibits fibrogenesis in lung fibroblast and abrogated BLM-induced lung fibrosis in mice.
These results highlight a role for miR-15a/YAP1/Twist axis in IPF that offer novel strategies for the prevention and
treatment of lung fibrosis.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, pro-
gressive, fibrotic interstitial lung disease of unknown
etiology with increasing morbidity and high mortality [1].
Until now, lung transplantation has been the most effective
treatment to improve survival, and more and more studies
have demonstrated the anti-fibrotic effects of nintedanib and
pirfenidone in IPF [2—4]. Therefore, it is urgent to reveal the
mechanism underlying IPF. IPF is characterized by the
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formation of myofibroblast foci and excessive deposition of
extracellular matrix (ECM), which are mainly derived from
the primary effector cells, lung fibroblasts [5]. Thus, the
exploration of factors affecting the proliferation and dif-
ferentiation of lung fibroblasts is useful to elucidate the
molecular mechanism and to develop novel therapies
for IPF.

The Hippo pathway is a highly conserved signaling
pathway that participates in the regulation of organ devel-
opment, tissue formation, and cancer, among others [6].
Several studies demonstrated that yes-associated protein
(YAP), a key downstream effector of the Hippo pathway,
promoted hepatic stellate cell activation and liver fibrosis,
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whereas pharmacological inhibition of YAP impeded
fibrogenesis in mice [7, 8]. Liu et al. [9] found that YAP and
transcriptional co-activator with PDZ-binding motif (TAZ)
mediated mechanical force-induced fibroblast activation and
fibrosis in IMR-90 lung fibroblasts. However, whether
silencing YAP can attenuate lung fibrosis in mice is not yet
clear. Furthermore, emerging evidence suggests that the
Hippo pathway regulates cell proliferation and differentia-
tion in different kinds of cells, whereas the underlying
mechanisms and upstream regulator for Hippo pathway in
IPF is not fully understood. Some studies have found that
the YAP/TAZ-miR-130/301 circuit contributes to the
development of fibrosis and pulmonary hypertension [10,
11]. An increasing number of studies, including ours, have
identified the involvement of microRNAs (miRNAs) in
lung fibrosis [12, 13], but it remains to be determined
whether dysfunctions in the Hippo pathway during IPF are
under the regulation of miRNAs and, if so, which miRNAs
play the critical roles.

In the present study, our results demonstrated that YAP1
promoted fibrogenesis by transcriptional activation of Twist,
whereas knockdown of YAPI ablated lung fibrosis in vitro
and in vivo. Moreover, we identified miR-15 acts as one of
the most critical miRNAs regulating the YAP1/Twist in IPF.
Taken together, these results indicate that YAP1 inhibition
could be a novel strategy for the treatment of lung fibrosis.

Results

Overexpression of YAP1 promotes fibrogenesis in
lung fibroblasts

First of all, we used gain- and loss-of-function experiments
to evaluate the effect of YAPI, a key downstream effector
of the Hippo pathway, in pulmonary fibrosis. The quanti-
tative reverse transcription-PCR (qRT-PCR) assay showed
significant up-regulation of YAPI at the messenger RNA
(mRNA) level (Fig. la). Furthermore, overexpression of
YAPI1 enhanced the synthesis of various fibrotic genes,
such as Col lal, Col 3al, and connective tissue growth
factor (CTGF) (Fig. 1b—d). Simultaneously, enhanced
expression of YAPI promoted cell proliferation (Fig. le, f)
and migration (Fig. 1g, h) and the transition of fibroblasts
into myofibroblasts in cultured lung fibroblasts (Fig. 1i).
Finally, forced expression of YAPI1 resulted in up-
regulation of fibrosis-associated proteins, including col-
lagen 1, fibronectin 1 (Fnl), and alpha-smooth muscle actin
(a-SMA) (Fig. 1j).

To further examine the pro-fibrotic effects of YAP1 in
lung fibroblasts, we isolated the lung fibroblasts from adult
mice and performed several parallel studies. Consistent with
the results from the neonatal primary fibroblasts, we found

that overexpression of YAP1 increased the mRNA level of
collagen lal and collagen 3al in adult lung fibroblasts
(Fig. S1A-S1B). Meanwhile, forced expression of YAPI
promoted the proliferation of adult lung fibroblasts
(Fig. S1C).

Next, we constructed YAP1-specific short hairpin RNA
(shRNA) and transfected it into lung fibroblasts to examine
the potential anti-fibrotic effect of YAP1 silencing during
pulmonary fibrosis. As demonstrated in Fig. S2A-S2C,
knockdown of YAPI reduced the up-regulated expression
of Col lal, Col 3al, and CTGF driven by transforming
growth factor-fl1 (TGF-p1). Moreover, we found that the
effect of TGF-fl on cell proliferation, migration, and
fibroblast—-myofibroblast transition was nearly abated by
YAPI1 expression inhibition (Fig. S2D-S2F). Additionally,
the similar expression of fibrotic proteins was alleviated by
inhibition of YAP1 (Fig. S2G). Thus, using a combination
of forced expression of YAP1 and inhibition of YAPI
in vitro, we found that overexpression of YAP1 promoted
fibrogenesis, whereas inhibition of YAP1 attenuated TGF-
B1-induced fibrogenesis in lung fibroblasts.

We then applied siRNA against TAZ, another tran-
scriptional co-activator belongs to Hippo pathway, to assess
the role of TAZ in lung fibrosis (Fig. S3A). As shown in
Fig. S3B-S3C, silencing TAZ alleviated the TGF-f1-
induced up-regulation of collagen lal and collagen 3al
(Fig. S3B-S3C). Moreover, our results showed that inhibi-
tion of TAZ could significantly mitigate the TGF-p1-driven
proliferation and migration in lung fibroblasts (Fig. S3D-
S3E).

YAP1 promotes lung fibrosis through transcriptional
activation of Twist1

Previous studies have shown that the complex of YAP1 and
TEAD translocate into the nucleus, where they associate
with transcription factors and other DNA-binding proteins
to modulate target gene transcription [14]. Thus, we wanted
to uncover the molecular mechanisms that mediate the pro-
fibrotic effects of YAP1 and to determine whether TEAD is
involved in YAP1-driven lung fibrosis. To gain insight into
the mechanism of YAP1, we utilized mutation of the YAP1
gene (YAP1-S94A, a loss-of-function mutant of YAP1) and
the pharmacological inhibitor verteporfin, which specifi-
cally blocks the combination of YAP1 and TEAD. As
demonstrated in Fig. 2a-c, overexpression of YAPI
enhanced the formation of Col 1al, Col 3al, and CTGF,
whereas this effect was eliminated by applying verteporfin.
On the other hand, interrupting the binding between YAPI
and TEADI by overexpressing YAP1-S94A prevented the
YAPI-induced synthesis of Col lal, Col 3al, and CTGF
(Fig. 2a—c). Moreover, verteporfin attenuated the YAPI-
induced up-regulation of fibrotic-associated proteins, and
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Fig. 1 Overexpression of YAP1 results in fibrogenesis in lung fibro-
blasts. The mRNA levels of YAPI (a), Col lal (b), Col 3al (c), and
CTGF (d) were significantly up-regulated by forced expression of
YAPI; n =6 cell batches. e, f Photomicrographs of double fluorescent
staining with EDU (red) and DAPI (blue) demonstrate that YAP1
accelerated lung fibroblast proliferation; n=5. The wound scratch

YAPI-S94A had no effect on these proteins (Fig. 2d).
These data suggest that YAP1 promotes fibrogenesis by
interacting with TEAD.

Then, we applied computational analysis to explore the
molecules downstream of YAPI/TEAD that might be
involved in the process of lung fibrosis and found that
there is a putative TEADI-binding site within the pro-
moter region of the Twist gene (Fig. 2e), indicating that
YAPI/TEAD1 has the potential to regulate Twist
expression at the transcriptional level. More importantly,
forced expression of YAPI increased the expression of
Twist at both the protein and mRNA levels, whereas this
effect was reversed by verteporfin, and YAP1-S94A pre-
vented the up-regulation of Twist (Fig. 2f, g). Next, we
performed a chromatin immunoprecipitation (ChIP) assay
to further explore the correlation between YAP1 and
Twist. As depicted in Fig. 2h, i, the ChIP and qRT-PCR
assays revealed minimal binding of TEADI or YAP1 with
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assay (g, h) and immunofluorescence depicting fibroblast—-myofibro-
blast transition (i) were used to identify the pro-fibrotic effect of
YAP1; n=35. j Fibrotic-associated protein expression was determined
by western blot analysis. YAP1 increased the expression of collagen 1,
Fnl, and a-SMA. The data are presented as the mean + S.E.M.; n=15;
*P<0.05

the Twist promoter, which was significantly increased
after transfection with TEAD1 or YAP1. Next, to examine
the effect of TEADI or YAPI1 on the promoter activity of
Twist, we constructed a Twist luciferase reporter with the
TEAD1-binding site (Twist-Luc) or a mutant TEADI-
binding site (mTwist-Luc). Then, we transfected lung
fibroblasts with and without TEAD1 or YAPI over-
expression with the Twist-Luc and mTwist-Luc reporters.
We found that overexpression of TEADI or YAPI
increased the luciferase activity of Twist -Luc by com-
bining with the complementary binding site, and this
activity was eliminated when we used mTwist-Luc
(Fig. 2j).

To further examine whether Twist is necessary for the
pro-fibrotic effects of YAPI, we transfected shRNA
against Twist into lung fibroblasts to inhibit the expres-
sion of Twist. As shown in Fig. 3a, b, we found that
knockdown of Twist attenuated the effect of YAP1 on
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Fig. 2 YAP1 promotes fibrogenesis by transcriptionally activating
Twistl expression through interaction with TEAD1. Real-time RT-
PCR analysis indicated that mutation of YAPI at the genetic level or
inhibition of YAPI by verteporfin attenuated the increased synthesis of
Col lal (a), Col 3al (b), and CTGF (c) induced by overexpression of
YAPI, as well as the fibrotic protein expression (d); n=5. e A
schematic diagram of sequence complementarity between the YAP1/
TEADI1 complex and Twistl. Western blot (f) and qRT-PCR (g)
assays showed that blocking the combination of YAP1 and TEAD
alleviated the effect of YAP1 on Twistl expression at both the protein

collagen production. Moreover, silencing Twist alleviated
Y AP1-induced proliferation (Fig. 3¢) and inhibited YAP1
caused cell migration in lung fibroblasts (Fig. 3d).
Meanwhile, inhibition of Twist ablated the up-regulation
of fibrosis-relevant proteins driven by YAP1 (Fig. 3e).
These data indicated that YAP1 contributes to the devel-
opment of fibrogenesis in lung fibroblasts by forming the
YAP1/TEAD complex and then transcriptionally activates
the expression of Twist.

Silencing YAP1 alleviated experimental pulmonary
fibrosis in mice

Next, we continued to confirm the comprehensive role of
YAPI in bleomycin (BLM)-induced pulmonary fibrosis. To
determine whether suppression of YAP1 could mitigate
pulmonary fibrosis in mice, adenovirus-associated virus 5
(AAVS5) containing a sh-YAP1 fragment was established
and was designated AAVS5-sh-YAPL. At 3 days after

N G D)

22 kDa

peDNA3.I
YAPI
YAPI-S94A

YAP1+Verteporfin

I J
*
.. 5, "' [ Vehicle
3 0
g 34 B TEADI
P /.
g <3 W vari
£ =
g é @2
B =
2 1
£ S
5] Z

mTwist-Luc

Twist-Luc

and mRNA levels; n=5. h Chromatin immunoprecipitation (ChIP)
assay revealed an association between YAP1/TEADI and Twistl in
lung fibroblasts; IgG served as a negative control; n =3. i qRT-PCR
analyses revealed that TEAD1/YAP1 was able to bind to the twist
promoter region and promoted Twistl expression in lung fibroblast;.
n=3. j Luciferase reporter constructs containing the empty vector
pGL3 in the presence or absence of binding sites, as illustrated in (e),
exhibited enhanced Twistl-Luc luciferase activity, whereas mut-
Twistl-luc had no effect on luciferase activity; n=25. The data are
presented as the mean = S.E.M.; *P <0.05, **P <0.01

administration of BLM, AAVS5-sh-YAP1 was intrab-
ronchially injected into mice. As shown in Fig. 4a, b, our
data revealed that AAVS5-sh-YAPI ameliorated the BLM-
induced interstitial lung fibrosis based on Masson’s staining
and HE staining. The immunohistochemistry (IHC) staining
demonstrated low expression of collagen 1, Fnl, and YAPI
after treatment with AAV5-sh-YAP1 in the BLM-induced
mice model (Fig. 4c), along with a dramatic reduction in the
production of Col 1al, Col 3al and CTGF and the levels of
Fnl, a-SMA, and Twistl at the mRNA and protein levels
(Fig. 4d—-g). Moreover, the AAV-mediated delivery in the
current study is not specific to fibroblasts, and we thus
isolated the adult lung fibroblasts from wild-type mice
3 weeks after injection of AAV5-sh-YAPI, and found that
the expression of YAP1 was significantly decreased in the
mice lung fibroblasts after injection of AAV5-sh-YAPI
(Fig. 4h). These data indicate that knockdown of YAPI
relieved the pulmonary injury induced by BLM, at least in
part, by modulating lung fibroblasts.
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Fig. 3 Twist is necessary for the pro-fibrotic effects of YAPI.
a, b Silencing Twist attenuated YAP1-induced synthesis of Col lal
and Col 3al, which was measured by qRT-PCR; n=5. ¢ EDU
staining illustrated that knockdown of Twist inhibits cell proliferation
in lung fibroblasts; n =5. d Scarification tests revealed that inhibition

Identification of key miRNAs regulating the Hippo
pathway during IPF

The core components of the Hippo pathway include YAPI,
LATS1, LATS2, TEADI1, TEAD2, TEAD3, TEAD4,
MOBI1A, MOB1B, WWTRI1, STK3, SAV1, WWCI, NF2,
FRMDI1, and FRMD6 [15]. Under the control of false
discovery rate (FDR) < 10%, 193 miRNAs were detected as
significantly differentially expressed in IPF patients com-
pared with those in controls. According to the miRNA-
target information in multiple databases (see Materials and
methods), we found that 87 of 193 differentially expressed
miRNAs targeted the core components of the Hippo path-
way (Fig. 5a). Figure 5b shows the number of predicted
regulating miRNAs for each Hippo pathway gene. In the
network, miR-15a, miR-15b, and miR-497 regulated the
largest number of core Hippo pathway genes (Fig. 5c), and
all of these three miRNAs regulated YAPI, LATSI,
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LATS2, NF2, TEAD1, WWCI1, SAVI, and FRMDS6.
Interestingly, we found the same seed sequences and eight
other similar base sequences in miR-15a, miR-15b, and
miR-497 (Fig. 5d). Among the three miRNAs, miR-15a was
the most significantly down-regulated in IPF patients (P =
1.72x 107", Fig. 5e—g). In addition, eight Hippo pathway
genes, including YAP1, were potential targets for miR-15a.
Meanwhile, we found that miR-15a level was significantly
decreased in BLM-injected mouse lungs (Fig. Sh) as well as
in TGF-p1-treated lung fibroblasts (Fig. 5i).

Inhibition of miR-15a promotes fibrogenesis by
regulating the YAP1/Twist axis

To examine the role of miR-15a in the process of lung
fibrosis, we first evaluated the regulatory effect of miR-15a on
YAP1. As shown in Fig. 6a, YAPI contains the seed
sequence for miR-15a that is broadly conserved among
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Fig. 4 Inhibition of YAP1 ameliorates pulmonary fibrosis in mice after
BLM injection. a Representative images of H&E and Masson’s tri-
chrome staining of the lungs of mice; n = 6. b Knockdown of YAP1
attenuated the hydroxyproline content in the lungs of mice treated with
BLM; n=6. ¢ Representative immunohistochemistry (IHC) micro-
scopy images of fibrosis-related markers in mice; n = 6. Knockdown

humans, mice, and rats. We then constructed a luciferase
reporter vector carrying a targeting fragment containing miR-
15a-binding sites or mutant sequences (nucleotide replace-
ment). The luciferase assay showed that miR-15a inhibited
the activities of the wild-type YAP1 luciferase vector (YAP1-
WT), whereas it had no effect on the vector carrying mutated
binding site (YAP1-Mut) (Fig. 6b). Moreover, overexpression
of miR-15a inhibited the expression of YAPI at both the
protein (Fig. 6¢) and mRNA levels (Fig. 6d). These results
suggested that miR-15a regulated YAP1 expression at the
transcriptional level.

Next, we employed a miR-15a inhibitor and YAPI1- or
Twist-specific shRNAs to examine the effect of miR-15a
inhibition on fibrogenesis and to determine whether the
YAPI1/Twist axis mediates this effect. As shown in Fig. 6e,
f, knockdown of miR-15a increased the expression of col-
lagen lal and collagen 3ol at mRNA levels, whereas these

of YAPI by AAVS5-sh-YAPI1 abated the increased Col lal (d), Col
3al (e), and CTGF (f) in BLM-treated mice; n = 6. g Inhibition of
YAPI1 alleviated the expression of fibrosis-related proteins in mice
injected with BLM; n = 5. h The expression of YAPI in the adult lung
fibroblasts isolated from wild-type mice three weeks after injection of
AAV5-sh-Scram or AAV5-sh-YAPI; n=5. *P<0.05

effects were abolished by silencing YAP1 or Twist. To
further determine the accurate pathological process con-
tributing to the pro-fibrotic action of miR-15a inhibition, we
examined the effect of miR-15a inhibition on proliferation,
migration, and fibroblast-myofibroblast transition. As illu-
strated in Fig. 6g, h, we found that inhibition of miR-15a
promoted cell proliferation and migration in cultured lung
fibroblasts. Moreover, silencing YAP1 or Twist attenuated
the pro-fibrotic effects of miR-15a inhibition. Meanwhile,
knockdown of miR-15a resulted in the up-regulation of
several fibrosis-related proteins, including collagen 1, Fnl,
oa-SMA, and its downstream effector YAP1 and Twist,
whereas the increase in the expression of these proteins was
almost abrogated after inhibition of YAPl1 or Twist
(Fig. 61). These results indicated that knockdown of miR-
15a leads to lung fibrogenesis by modulating the YAP1/
Twist axis.
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nodes and square nodes represent miRNAs and core Hippo pathway
genes, respectively. The miRNAs colored red and green represent
miRNAs that are up-regulated and down-regulated in IPF, respec-
tively. The size of each node indicates the number of predicted miRNA
regulators or the number of predicted target genes. The lines between
nodes indicate the miRNA-target relationship. b Histogram demon-
strating the number of predicted regulating miRNAs for each Hippo

Enhanced expression of miR-15a attenuates lung
fibrosis in vitro and in vivo

Next, we transfected miR-15a into lung fibroblasts to
evaluate whether overexpression of miR-15a can inhibit
fibrogenesis. As expected, we found that forced expression
of miR-15a alleviated TGF-f1-driven synthesis of collagen
lal and collagen 3al in both neonatal primary lung
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pathway gene. ¢ Histogram demonstrating the number of predicted
targets for each miRNA. d Sequences of miR-15a, miR-15b, and miR-
497. The seed sequences and other similar sequences are outlined in
green and blue, respectively. The miR-15a (e), miR-15b (f), and miR-
497 (g) were down-regulated in IPF patients based on the microarray
dataset GSE32538, which contains samples from 106 IPF patient and
50 healthy controls. Down-regulation of miR-15a in BLM-treated
mice (h) and in cultured lung fibroblasts in response to 10 ng/ml TGF-
1 for 48 h (i); n = 6 independent experiments. *P < 0.05

fibroblasts (Fig. 7a, b) and adult lung fibroblasts (Fig. S4A-
S4B). Meanwhile, enhanced expression of miR-15a inhib-
ited cell proliferation, attenuated migration, and reduced the
transition from lung fibroblasts into a-SMA-positive myo-
fibroblasts (Fig. 7c—e, Fig. S4C). Consistent with these
results, overexpression of miR-15a inhibited the up-
regulation of fibrosis-relevant proteins and YAP1/Twist
induced by TGF-f1 in lung fibroblasts (Fig. 7).
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Fig. 6 Knockdown of miR-15a results in fibrogenesis by regulating
YAPI1 in lung fibroblasts. a Sequence alignment showing miR-15a:
YAPI complementarity in mouse, rat, and human genes. The matched
base pairs in the seed region are outlined in red and green. Mut
mutated binding site. b Luciferase reporter activities of chimeric
vectors carrying the luciferase gene and a fragment of the YAP1 3'-
UTR containing wild-type or mutant miR-15a-binding sites; n=35. ¢
Western blot analysis of YAP1 protein levels in lung fibroblasts
transfected with miR-15a; n = 5. d qRT-PCR was performed to detect
the effect of miR-15a on YAP1 mRNA expression; n =5. qRT-PCR

Finally, we performed intratracheal injection of AAVS
carrying the miR-15a precursor sequence (AAV5-miR-15a)
into mice to determine whether overexpression of miR-15a
could attenuate BLM-induced experimental lung fibrosis,
and we found that the expression of miR-15a was sig-
nificantly up-regulated in the adult lung fibroblasts isolated
from wild-type mice after injection of AAV5-miR-15a
(Fig. 8a). Masson’s staining results showed that over-
expression of miR-15a mitigated collagen deposition and
reduced the fibrotic area in BLM-treated mice (Fig. 8b),
which was also accompanied by the down-regulation of
hydroxyproline content (Fig. 8c) and inhibited expression of
collagen lal and collagen 3al (Fig. 8d, e). Meanwhile,
THC showed that forced expression of miR-15a reduced the
expression of Fnl and YAP1 in BLM-treated mice (Fig. 8f).
Furthermore, overexpression of miR-15a inhibited the
expression of Fnl and YAPI, as well as various fibrosis-
related proteins (collagen 1 and Twist) in BLM-treated mice

(Fig. 8g).

24 48 (h)

analysis of col 1al (e) and col 3al (f) mRNA levels in lung fibroblasts
after miR-15a knockdown together with YAP1/Twist inhibition; n = 5.
EDU staining (g) and scratch assay (h) were employed to determine
the effect of miR-15a knockdown along with YAP1/Twist silencing on
cell proliferation and migration in lung fibroblasts; n=5. i Western
blot analyses were used to determine the alterations in fibrosis-related
protein levels in lung fibroblasts after miR-15a knockdown together
with YAP1/Twist inhibition; n =5 independent experiments. *P <
0.05

Discussion

In the present study, we characterized the pro-fibrotic
property of YAPI in a BLM-induced lung fibrosis model
and elucidated the molecular events underlying the fine
regulation of YAPI in lung fibrosis. We found that over-
expression of YAP1 promotes lung fibrosis by transcrip-
tional activation of Twist expression through binding
TEAD, whereas silencing YAPI attenuated BLM-induced
lung fibrosis in mice. These results indicated the critical role
of YAP! in lung fibrosis. Moreover, we constructed a
dysregulated miRNA regulatory network that affects the
expression of the Hippo pathway effectors in IPF and
identified miR-15a as one of the most essential miRNAs
regulating this pathway. Our results showed that knock-
down of miR-15a resulted in fibroblast activation and lung
fibrosis through promoting Twist expression by targeting
inhibition of YAPI. In contrast, therapeutic restoration of
miR-15a inhibited fibrogenesis in lung fibroblast and

SPRINGER NATURE



1840

Y. Chen et al.

b

o

Col Tl mRNA level
(FC of Control)
o - w

Control TGF-B1+miR-15a  TGF-p1+miR-Ctrl

” ----
- ----

TGF-p1

z DAPI
Z ¢ /EDU
R
5
~ oo

TGF1 - o+ o+ o+

miR-15a - - + =

miR-Ctrl - - - +

p1+miR-Ctrl

D Control

Fig. 7 Overexpression of miR-15a attenuates TGF-f1-induced fibro-
genesis in lung fibroblasts. qRT-PCR analysis of the mRNA levels of
col lal (a) and col 3al (b) in lung fibroblasts after treatment with 10
ng/ml TGF-P1 together with miR-15a overexpression; n=5. ¢ EDU
assay was performed to determine the effect of miR-15a on TGF-f1-
induced lung fibroblast proliferation; n = 5. d Scratch assay was used
to examine the effect of miR-15a on TGF-B1-induced lung fibroblasts

abrogated BLM-induced lung fibrosis in mice. This study
indicated that manipulating the expression of YAP1 or miR-
15a represents promising therapeutic strategies for lung
fibrosis.

Many studies have demonstrated that the Hippo pathway
participates in the process of organ fibrosis [8, 9]. Seo et al.
[16] found that knockout of Salvador homolog 1 (Savl) in
tubular epithelial cells aggravated renal tubulointerstitial
fibrosis in mice. Fu et al. [17] found up-regulation of
Fibulin-5 in the lung tissues of patients with chronic
obstructive pulmonary disease and IPF, and which
demonstrated that overexpression of Fibulin-5 promoted the
proliferation and migration of airway smooth muscle cells
by increasing the expression of YAP and TAZ. However,
the role and upstream regulators of the Hippo pathway in
lung fibrosis are not clear, although several studies have
found that YAPI mediated mechanosignaling-induced lung
fibroblast activation [9]. Recently, Gokey et al. [18] found
the activation of YAP1 in IPF respiratory epithelium and
demonstrated that the interaction between YAP1 and
mTOR/p-S6 induced cell proliferation and migration and
inhibited epithelial cell differentiation that may contribute to
the pathogenesis of IPF. In the present study, we found up-
regulation of YAP1 in both epithelial cells and fibroblasts in
BLM-treated mice, and further study showed that over-
expression of YAP1 promoted fibrogenesis in lung fibro-
blasts, accompanied by an increase in the production of
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myofibroblast transition was determined by immunofluorescence; n =
4 independent experiments. f Western blot analysis for the determi-
nation of alterations in fibrosis-related protein levels in lung fibroblasts
after treatment with TGF-f1 together with miR-15a overexpression;
n=>5. *P<0.05

fibrosis-related proteins and accelerated transition of fibro-
blasts into myofibroblasts, whereas silencing YAP1 exerted
the opposite effects. We therefore considered that YAPI
contributed lung fibrosis by promoting fibrogenesis in lung
fibroblasts and resulted in epithelial-mesenchymal transi-
tion, which warrants our further study. More importantly,
we found that knockdown of YAPI ameliorated BLM-
induced pulmonary fibrosis in mice and thus demonstrated
that YAP1 could be a potential target for treatment of lung
fibrosis.

Accumulating evidences demonstrated that TEAD is one
of the most canonical transcriptional factors mediating the
pathophysiological effects of YAP1 [14, 19, 20]. The pre-
sent study found that enhanced expression of YAP1 pro-
moted lung fibrogenesis via transcriptionally modulating the
activity of TEAD, whereas mutation of binding sites
between YAP1 and TEAD abolished the pro-fibrotic effect
of YAP1. Meanwhile, blocked combination of YAP1 and
TEAD by Verteporfin also mitigated the modification of
YAPI in the process of lung fibrosis. A large number of
studies indicated Twist contributing to the pathological
process of lung fibrosis [21-23]. Pozharskaya et al. [23]
revealed that the expression of Twist was significantly
elevated in type II epithelial cells and fibroblasts in lungs of
IPF patients. Moreover, Yang et al. [24] demonstrated that
overexpression of inhibitor of DNA-binding 2 attenuates
pulmonary fibrosis through regulation of c-Abl and Twist.
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Fig. 8 Forced expression of miR-15a alleviates BLM-induced lung
fibrosis in mice. a The expression of miR-15a in the adult lung
fibroblasts isolated from wild-type mice 3 weeks after injection of
AAV5-miR-Ctrl or AAV5-miR-15a; n=5. b Representative images
of Masson’s trichrome-stained sections of mouse lungs. ¢ Over-
expression of miR-15a ablated the hydroxyproline content in the lungs

In addition to promoting epithelial-mesenchymal transition,
Twist has been found to activate fibroblasts and lead to
systemic sclerosis [25]. However, a recent study from Tan
et al. [22] found that loss of Twist in the mesenchymal
compartment in mice leads to increased expression of
CXCL12, which promoted accumulation of T cells in the
lung and resulted in pulmonary fibrosis. Our study showed
that silencing Twist in lung fibroblast abolished the pro-
fibrotic role of AMO-miR-15a. Thus, although Twist plays
various functions in the process of IPF, the detailed and
precise effect of Twist needs to be further investigated. In
this study, we found that YAP1 contributed to lung fibrosis
by transcriptionally activating the Twist expression via
binding to TEAD. Taken together, our results suggest the
novel mechanisms of Hippo signals in IPF that may
represent a potential therapy for pulmonary fibrosis.

Some studies have reported that miRNAs contribute to the
development of IPF and may act as targets for the treatment of
this disease. Dakhlallah et al. [26] found that enhanced miR-
17~92 cluster expression attenuated lung fibrosis. Xiao et al.
[27] showed that overexpression of miR-29 mitigated lung
fibrosis in mice. Our previous studies showed that miR-26a
prevents lung fibrosis by affecting both lung fibroblasts and
epithelial cells [13, 28]. In this study, we found the down-
regulated miR-15a, miR-15b and miR-497 that regulated the
largest number of core Hippo pathway genes. Among the
three miRNAs, miR-15a was the most significantly down-
regulated in IPF patients. A growing body of evidence
demonstrated that miR-15a inhibited cell proliferation and
fibrotic relevant diseases [29, 30]. Tijsen et al. [30] found that
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of mice treated with BLM; n = 6. d, e Expression of col lal and col
3al mRNA as measured by qRT-PCR in BLM-treated mice after the
injection of AAV5-miR-15a; n = 6. f, g IHC and western blot analysis
of the expression of FN1, YAPI, and other fibrosis-relevant proteins in
BLM-treated mice after overexpression of miR-15a; n=15. *P <0.05

inhibition of miR-15a aggravated overload-induced cardiac
fibrosis in mice. Rawal et al. [31] found that suppression of
miR-15a/b promoted fibrotic remodeling in Type 2 diabetic
mouse heart, whereas forced expression of miR-15a/b inhib-
ited the activation of diabetic human cardiac fibroblasts.
However, the role and mechanism of miR-15 in lung fibrosis
is not clear. Our study found that overexpression of miR-15a
alleviated fibroblast activation and lung fibrosis in vitro and
in vivo. In contrast, knockdown of miR-15a promoted
fibrogenesis in lung fibroblasts, whereas that was nearly
alleviated by YAP1 or Twist inhibition. Thus, our study
demonstrated that miR-15a inhibited lung fibrosis, at least in
part, by regulating the YAP1/Twist axis. Interestingly, miR-
15a, miR-15b, and miR-497 contain the same seed sequences,
and it is thus warranted to determine whether miR-15b and
miR-497 also play anti-fibrotic effects in IPF. In addition, we
suppose whether we could find critical regulators that pro-
moted the expression of these three miRNAs simultaneously
to exert a better effect against lung fibrosis than any of them.

Although dozens of miRNAs have been reported to
inhibit pulmonary fibrosis in mice, there is little clinical or
pre-clinical study about the application of miRNAs in the
treatment of lung fibrosis. As we know, IPF is caused by the
combined effects of deregulation of multiple miRNAs and
genes rather than individual genes or miRNAs [32]. In fact,
by analyzing the microarray dataset GSE32538, we pre-
viously found that more than 80% of the dysregulated
miRNAs were down-regulated in IPF [12]. Thus, we
speculate that exploring and modulating the factors causing
the global down-regulation of miRNAs in IPF may provide
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insights into this disease. In this study, we screened for
dysregulated miRNAs that regulate the Hippo pathway
during IPF and identified miR-15a as one of the most key
miRNAs. In addition, some studies have reported that
YAP1 controls miRNA biogenesis and contributes to
human cancers [33, 34]. Thus, further studies are warranted
to investigate whether YAP1 is responsible for the global
down-regulation of miRNAs in IPF.

Taken together, the present study demonstrated that
YAPI promoted lung fibrogenesis through transcriptionally
activating Twist via binding TEAD that conferred by miR-
15a loss. In addition, our results showed that
YAPI silencing or miR-15a supplement could be novel
strategies for the treatment of lung fibrosis.

Materials and methods
Animal model and treatment

C57BL/6 mice with a mean weight of 20 g were obtained
from Changsheng Biotechnology (Liaoning, China) and
maintained according to the regulation approved by the
Institutional Animal Ethics Committee of Harbin Medical
University. Pulmonary fibrosis was induced with a single
intratracheal instillation of BLM dissolved in saline as
previously described [13]. Detailed descriptions of animal
model and treatment are described in the supplement.

Cell culture

Primary lung fibroblasts were isolated from lungs of 3-day-
old C57BL/6 mice. Detailed descriptions of cell culture and
treatment are described in the supplement.

Western blot

Western blot was performed as previously described [35].
Detailed descriptions of western blot assays are described in
the supplement.

Quantitative RT-PCR (qRT-PCR)

Total RNA from collected cells or tissues was extracted
using TRIzol reagent as previously described [36]. The
relative miRNA and long non-coding RNA expression
levels were calculated based on Ct values and were
respectively normalized to U6 or glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) levels in each sam-
ple. Detailed descriptions of qRT-PCR assays are described
in the supplement.
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Luciferase reporter assays

Using PCR, we amplified the 3’-untranslated region (UTR)
of YAP1 containing the predicated target sites for miR-15a,
as previously described [37]. The PCR fragment was
inserted into the multiple cloning sites in the pMIR-
REPORT luciferase miRNA expression vector (Ambion,
USA). HEK293T cells (1 x 10°/well) were co-transfected
with 0.1 pug of the luciferase YAP1 chimeric vector and
miR-15a mimics by Lipofectamine 2000 (Invitrogen, USA).
We collected the cell lysate after 24 h of transfection and
measured luciferase activities with a Dual-Luciferase
Reporter Assay kit (Promega, USA).

Bioinformatics analysis

The miRNA expression dataset GSE32538, which consists
of 109 IPF patient samples and 50 healthy control samples,
was downloaded from the Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo/) [38]. Quantile
normalization and log2 transformation were applied to the
raw data. Values of replicate probes corresponding to an
miRNA were averaged to represent the expression value of
that miRNA. Two-sample #-tests were carried out to select
the differentially expressed miRNAs. P values were adjus-
ted by the Benjamini and Hochberg correction procedure to
account for multiple tests with a FDR < 10%. Considering
that miRNA targets predicted by multiple algorithms might
be more reliable, we used the miRNA-target interactions of
Homo sapiens appearing in at least two of nine datasets
(TargetScan, miRanda, PicTar, miRBase, DIANA-microT,
PITA, RNAhybrid, miRTarBase, and miRecords). The
miRNA-target network was constructed using Cytoscape
web tool (http:/js.cytoscape.org). All analyses were per-
formed in R 3.2.3 (https://www.r-project.org/).

Statistical analysis

Data were presented as the mean + S.E.M. of at least three
independent experiments. One-way analysis of variance
followed by Dunnett’s test was used for multiple compar-
isons. In addition, two-tailed P <0.05 was considered sta-
tistically significant difference. Statistical analyses were
carried out using GraphPad Prism 5.0 and SPSS 14.0.
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